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Implications for Understanding the Entry Mechanism of Japanese
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ABSTRACT

Japanese encephalitis virus (JEV), which causes viral encephalitis in humans, is a serious risk to global public health. The JEV
envelope protein mediates the viral entry pathway, including receptor-binding and low-pH-triggered membrane fusion. Utiliz-
ing mutagenesis of a JEV infectious cDNA clone, mutations were introduced into the potential receptor-binding motif or into
residues critical for membrane fusion in the envelope protein to systematically investigate the JEV entry mechanism. We con-
ducted experiments evaluating infectious particle, recombinant viral particle, and virus-like particle production and found that
most mutations impaired virus production. Subcellular fractionation confirmed that five mutations—in I, ij, BC, and FG and
the R9A substitution—impaired virus assembly, and the assembled virus particles of another five mutations—in kl and the
E373A, F407A, L2218, and W217A substitutions—were not released into the secretory pathway. Next, we examined the entry
activity of six mutations yielding infectious virus. The results showed N154 and the DE loop are not the only or major receptor-
binding motifs for JEV entry into BHK-21 cells; four residues, H144, H319, T410, and Q258, participating in the domain I (DI)-
DIII interaction or zippering reaction are important to maintain the efficiency of viral membrane fusion. By continuous passag-

ing of mutants, adaptive mutations from negatively charged amino acids to positively charged or neutral amino acids, such as
E138K and D389G, were selected and could restore the viral entry activity.

IMPORTANCE

Recently, there has been much interest in the entry mechanism of flaviviruses into host cells, including the viral entry pathway
and membrane fusion mechanism. Our study provides strong evidence for the critical role of several residues in the envelope
protein in the assembly, release, and entry of JEV, which also contributes to our understanding of the flaviviral entry mecha-
nism. Furthermore, we demonstrate that the H144A, H319A, T410A, and Q258A mutants exhibit attenuated fusion competence,
which may be used to develop novel vaccine candidates for flaviviruses.

apanese encephalitis virus (JEV) is a mosquito-borne zoonotic

flavivirus that causes viral encephalitis in most of Asia, Papua
New Guinea, and the Torres Strait of northern Australia (1, 2).
The recent emergence of JEV in the Torres Strait islands and its
spread onto the Cape York Peninsula pose a serious risk to public
health in Australia and have elicited growing concern that this
virus can spread throughout the world (3). JEV is one of the most
important members of the JEV serological complex, which in-
cludes West Nile virus (WNV), St. Louis encephalitis virus
(SLEV), and Murray Valley encephalitis virus (MVEV), causing
approximately 67,900 cases of encephalitis annually in countries
of Japanese encephalitis (JE) endemicity and having high morbid-
ity and mortality rates (4, 5). The case fatality rate for JE is 20% to
30%, and 30% to 50% of survivors have severe neurological se-
quelae even years later (5, 6).

Similar to other members belonging to the family Flaviviridae,
including dengue virus (DENV), yellow fever virus (YFV), and
tick-borne encephalitis virus (TBEV), JEV is an enveloped, plus-
sense, single-stranded RNA virus approximately 50 nm in diam-
eter, containing an approximately 11-kb genome. The single open
reading frame (ORF) in the genome encodes a single large poly-
protein, which is cleaved by viral and host proteases into three
structural proteins, capsid (C), precursor to membrane (prM),
and envelope (E), and seven nonstructural (NS) proteins, NS1,
NS2A, NS2B, NS3, NS4A, NS4B, and NS5 (7).
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The entry of JEV into host cells involves two steps: receptor
binding and low pH-triggered fusion of the viral and cellular
membrane; both of these steps are mediated by the E protein (8-
15). High-resolution structures of the E protein ectodomain of
JEV reveal that it shares not only a high percentage of conserved
amino acids but also a similar conformation with other flavivi-
ruses (Fig. 1A and E) (16). The E protein is an ~53-kDa elongated
protein composed of predominantly B-strands and assembles as
an antiparallel dimer in the crystal lattice; 90 E dimers are ar-
ranged on mature virions. The E protein has three distinct do-
mains (Fig. 1A). The central domain I (DI), composed of a nine-
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FIG 1 Several amino acids in the E protein potentially involved in viral entry (Table 1). (A) Top view of the dimeric prefusion E protein ectodomain
conformation of strain AT31, a homology model of the crystal structure of Protein Data Bank identification number (PDB ID) 3P54. In the ribbon diagram of
the bottom E protein monomer, DI, DII, DIII, and the fusion peptide loop are shown in red, yellow, blue, and orange, respectively, and stick representations of
four amino acids, R9, H144, H319, and E373, participating in the DI-DIII interaction are shown in magenta. In the ribbon diagram of the top E monomer, shown
in gray, several amino acids in the receptor-binding motif or critical for membrane fusion are indicated by colored spheres. Residue 154 lacks a carbohydrate
modification because the E ectodomain was purified from bacterial inclusion bodies in a previous study (16). (B) Side view of trimeric postfusion E protein
ectodomain conformation, a homology model of the PDB ID 4FGO0 docked H1 helix by Zdock server. The H1 helix is shown in blue. Only one E monomer is
colored, and the others are shown in gray. Stick representations of five amino acids, W217, L221, Q258, F407, and T410, participating in the three-helix
interaction of aA, aB, and H1 are shown in magenta. (C and D) Enlargement of the DI-DIII interaction and zippering reaction, respectively. (E) Structural
comparison of the prefusion E conformation of JEV (PDB ID 3P54) and TBEV (PDB ID 1SVB). The three domains and fusion peptide of the E monomer of JEV
are colored as described in panel A, and the E monomer of TBEV is shown in gray. The comparisons of a selected region or amino acids for mutagenesis are shown
close to the E monomer. Structural comparisons of the prefusion E protein of JEV with other flaviviruses, WNV (PDB ID 2169) and DENV (PDB ID 10KE), are
not shown.

strand mixed 3-barrel and modified by a single asparagine-linked
(N-linked) carbohydrate (N154), connects the extended domain
II (DII) and the globular domain I1I (DIII) via short flexible loops.
DII is composed of two extended loops protruding from DI and
contains a highly conserved fusion loop at its tip. DIII is an im-
munoglobulin-like structure that is thought to interact with cel-
lular receptors in the genus Flavivirus (17), and two loops of DIII,
the DE and FG loops, exposed on the viral surface have been
thought to be the receptor-binding motif. Loop 3 peptides (the DE
loop) can prevent JEV infection by interfering with virus attach-
ment to BHK-21 cells (18), and a peptide containing the E FG loop
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of DENV?2 inhibited the binding of DIII to C6/36 cells (19). Fur-
thermore, three mutants in the E FG loop (D390G, D390A, and
D390H) of MVEV have different entry kinetics from those of the
parent virus and increased dependence on glycosaminoglycans
(GAGs) for attachment to different mammalian cells (20). Our
recent study demonstrated that a peptide (P3) binding to the N
terminus of E DIII near the BC and DE loops inhibits viral infec-
tion by blocking JEV attachment to host cells (21).

Previous studies have shown that glycosaminoglycans (GAGs)
can facilitate JEV attachment to mammalian cells, which has been
clearly demonstrated in other flaviviruses (22, 23). A GAG-bind-
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TABLE 1 Mutations introduced into the JEV E protein

Mutant” Position(s) and regionb Substitution(s)® Potential function
I, mutant 284, 286, 288, 290, 293, 297 in DI H—->AK—>AR—>AK—=>AK—A, GAG binding motif
K—A
N154A 154 in DI N—A DC-SIGN binding motif
BC mutant 329-333 in DIII SGSDG — AAAAA Receptor binding motif
DE mutant 363-367 in DIII TSSAN — AAAAA
FG mutant 386-390 in DIII GRGDK — AAAAA
kl mutant 270-272, 278, 280 in DII IVV —-SSS,V—>S,L—S Switch of hydrophobic pocket
ij mutant 246, 249 in DII H—AK—A Interaction with negatively charged amino acids
in prM
R9A 9 in DI R—A DI-DIII interaction
E373A 373 in DIII E—A
H144A 144 in DI H—A
H319A 319 in DIIT H—A
F407A 407 in the stem F—A Zippering of the stem along DII
T410A 410 in the stem T—A
L221S 221 in DII L—S
W217A 217 in DII W —A
Q258A 258 in DII Q—A

“ Multiple amino acid mutations are named according to their located B-strand or loop structure nomenclature used for the class II proteins.

 Amino acid position.
¢ Substitutions are given in respective order to positions.

ing region (JEV Eresidues 279 to 297, I, B-strand) (Fig. 1A) rich in
positively charged residues and conserved among DENV sero-
types and JEV serological complex has been identified with high
affinity in a heparin-Sepharose column (22). This region has also
been presumed to be involved in GAG binding in a crystal struc-
ture report of the DENV E protein (24). In addition, other cellular
proteins, such as dendritic cell-specific intercellular adhesion
molecule-3-grabbing nonintegrin (DC-SIGN) (25), heat shock
protein 70 (26), and vimentin (27), have been shown to partici-
pate in JEV infection. However, how the E protein participates in
the interaction with these receptors is still poorly studied, and a
more specific protein receptor is thought to be required.

After JEV is internalized into host cells through receptor-me-
diated endocytosis, the low pH within endosomes induces confor-
mational changes in the E protein to mediate the fusion of the viral
and endosomal membranes. A low-pH-dependent fusion model
for flaviviral E protein has been well established according to
the pre- and postfusion E protein ectodomain crystal struc-
tures (17, 24, 28-30). In the prefusion conformation, the E
protein forms a horizontal, antiparallel homodimer with the
fusion peptide at the tip of DII buried at the dimer interface. A
hydrophobic pocket at the interface of DI and DII can be
opened by a shift of the kl loop, allowing DII to hinge away
from its dimer partner and expose the fusion peptide to inter-
act with the target membrane (Fig. 1A) (29). Mutations around
this pocket alter the pH threshold for fusion in flaviviruses
(31-35). In the postfusion conformation, the E protein forms a
vertical, parallel trimer with the fusion peptide exposed at its
end via individual domain rearrangement: DIIIs run along the
sides of the trimer toward the tip; the stem (H1 and H2) is
embedded in a groove formed by neighboring DIIs and reaches
the membrane (Fig. 1B) (28, 30). However, more experimental
testing by structure-based mutagenesis may be necessary to
analyze the critical amino acids in these two conformations.

In this study, we utilize the mutagenesis of an infectious cDNA
clone to introduce mutations into the receptor-binding motif or
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in amino acids critical for membrane fusion. First, we find that
most mutations impaired viral formation: five mutations—in I,
ij, BC, and FG and the R9A substitution—impair virus assembly,
and five other mutations—in kl and the E373A, F407A, L2218,
and W217A substitutions—impair virus release. Then, virus
binding and entry assays show that N154 and the DE loop are not
the only or major receptor-binding motifs involved in JEV entry
into BHK-21 cells. Furthermore, we reveal that four mutations,
H144A, H319A, T410A, and Q258A, result in significantly de-
creased entry activity, which may be due to impaired specific
intramolecular interactions during the transition of the E pro-
tein from dimer to trimer. Finally, continuous passaging of the
mutants shows that two mutations, E138K and D389G, repeat-
edly occur in several mutants and could restore the viral entry
activity.

MATERIALS AND METHODS

Cells. Baby hamster kidney cells (BHK-21) and human neuroblastoma
cells (SH-SY5Y) were grown in Dulbecco’s modified Eagle’s medium
(DMEM; Gibco) supplemented with 10% fetal bovine serum (FBS;
Gibco) in 5% CO, at 37°C. Aedes albopictus C6/36 cells were propagated in
RPMI 1640 medium supplemented with 10% FBS at 28°C in a closed
culture system.

Infectious clones, replicons, and CprME constructs. An infectious
c¢DNA clone of JEV (pMWJEAT; strain AT31), kindly provided by T.
Wakita, Tokyo Metropolitan Institute for Neuroscience, was used to en-
gineer E protein mutations. A subclone, pPGEM-E, containing the Apal-
BspEI fragment of p MWJEAT (nucleotides [nt] 114 to 3450 of the viral
genome), was used to engineer mutations using a Fast Mutagenesis Sys-
tem (Transgen), as shown in Table 1, and the mutated DNA fragment was
cloned back into pMWJEAT with Apal and BspEI The primers used for
mutagenesis are listed in Table S1 in the supplemental material.

For recombinant viral particle (RVP) packaging, a complete CprME-
coding fragment with a stop codon at the 3’ end was amplified from
PMWIJEAT and cloned into pCAGGS; the resulting plasmid was used to
engineer E protein mutations using a Fast Mutagenesis System. All con-
structs were verified by DNA sequencing. A JEV luciferase-reporting rep-
licon, SA14/U14163-Replicon, was constructed previously (36).
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In vitro transcription, RNA transfection, and immunofluorescence
assay (IFA). The infectious clone plasmids of JEV were linearized with
Kpnl, and replicon cDNA plasmids were linearized with Xhol. The puri-
fied linearized cDNAs were then subjected to in vitro transcription using a
T7 mMessage mMachine kit (Ambion). In vitro-transcribed genomic
RNA was electroporated into BHK-21 cells in a 0.4-cm electrophoresis
cuvette at 850 V and 25 wF with three pulses at 3-s intervals or transfected
into BHK-21 cells using DMRIE-C (1,2-dimyristyloxypropyl-3-di-
methyl-hydroxy ethyl ammonium bromide and cholesterol) reagent
(Invitrogen). After the transfection of genome-length RNA, culture
supernatants containing the viruses were collected every 24 h until day
5 and stored at —80°C in aliquots.

For IFA, the RNA-transfected cells were fixed in cold 5% acetic acid in
methanol for 10 min at room temperature at 48 h posttransfection. The
fixed cells were then incubated with mouse anti-E monoclonal antibody
(MAB8744; Chemicon) recognizing the E protein conformation and rab-
bit prM antiserum (full-length prM proteins were expressed in Escherichia
coli BL21 cells using pET30a expression vectors, and purified proteins
were injected into rabbits to prepare polyclonal antibodies). The related
animal experimentation was approved by the Institutional Review Board
of Wuhan Institute of Virology (permit number WIVH25201201). The
cells were washed and incubated with goat anti-mouse IgG conjugated
with Texas-Red and goat anti-rabbit IgG conjugated with fluorescein iso-
thiocyanate (FITC). Following washing and nuclear staining with 4',6’-
diamidino-2-phenylindole (DAPI), the cells were analyzed under a fluo-
rescence microscope.

Virus production from infectious clones. The culture supernatants
from transfected cells were quantified by plaque assays at each time point
posttransfection. Briefly, BHK-21 cells in 24-well plates were infected with
a dilution series of viruses. The cells were kept in DMEM containing 2%
FBS and 1% methylcellulose at 37°C. After 3 days of incubation, the cells
were fixed with 3.7% formaldehyde and stained with 1% crystal violet.

The number of genome-containing particles (GCPs) was determined
by quantitative PCR (qPCR). After the cell debris was removed by low-
speed centrifugation, the viral RNA was extracted from the culture super-
natants at each time point posttransfection using TRIzol reagent (Invit-
rogen). RNA samples were amplified with RNA-Direct Real-Time PCR
Master Mix (Toyobo) according to the manufacturer’s instructions. Fol-
lowing amplification, DNA melting curve analysis was performed to con-
firm the specificity of the PCR products. The number of genomic RNA
copies was determined with a standard curve of the infectious clone plas-
mids. Primers for the qPCR targeting the NS5 gene were 5'-AGCTTCTA
GATGGTGAACACCGCA-3" and 5'-TCACGTCCATCACGGTCTTTC
CTT-3' (product length, 117 bp).

Production of RVPs. To produce RVPs, BHK-21 cells were electropo-
rated with in vitro-transcribed replicon RNA as described above. After
incubation at 37°C for 24 h, the electroporated cells were transfected with
wild-type (WT) or mutant pCAGGS-CprME using Lipofectamine 2000
reagent (Life Technologies). Culture supernatants collected at 48 h post-
transfection were centrifuged to remove cellular debris, and 150 pl of
supernatants containing RVPs was prepared for qPCR to determine the
GCP numbers of the RVPs. Five-hundred microliters of the supernatants
was mixed with equal volumes of 16% polyethylene glycol 8000 (PEG
8000)—1 M NaCl and precipitated at 4°C overnight. The RVPs were pel-
leted by centrifugation at 12,000 X g for 15 min at 4°C and resuspended in
50 pl of phosphate-buffered saline (PBS). Packaging cells were processed
according to the instructions in the Renilla luciferase assay system at 24
and 48 h posttransfection and were also lysed using cell lysis buffer for
Western blotting (Beyotime) at 48 h posttransfection. For Western blot
analysis, RVP pellets and cell lysates were added to SDS-PAGE buffer,
subjected to 12% SDS-PAGE, and transferred to polyvinylidene difluo-
ride (PVDF) membranes. After a blocking step, the membranes were in-
cubated with the appropriate dilutions of the primary antibodies over-
night at 4°C: mouse or rabbit E DIII antiserum (purified E DIII proteins
were injected into mouse or rabbit to prepare polyclonal antibodies),
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rabbit prM antiserum, rabbit NS5 antiserum (provided by C. J. Chen,
Taichung Veterans General Hospital), and anti-glyceraldehyde-3-phos-
phate dehydrogenase (GAPDH) mouse monoclonal antibody (CW0100;
Cwbiotech). The membrane was then washed and incubated with horse-
radish peroxidase (HRP)-conjugated secondary antibodies. After the final
wash, the signals were detected using enhanced chemiluminescence re-
agents (Promega). For the RVP infection assay, BHK-21 and SH-SY5Y
cells in a 48-well plate were infected with equal volumes of culture super-
natants containing WT or mutant RVPs. At 24 h postinfection, the in-
fected cells were collected and processed according to the instructions in
the Renilla luciferase assay system.

Subcellular fractionation. Subcellular fractionation was performed as
described previously (37, 38). BHK-21 cells electroporated with WT or
mutant transcribed genomic RNA were trypsinized and washed in PBS at
48 h posttransfection. The cell pellets were resuspended in 1 ml of hypo-
osmotic buffer (10 mM HEPES-NaOH, pH 7.8). The cells were allowed to
swell on ice for 10 min and were then pelleted by centrifugation at 800 X
g at 4°C for 2 min. The medium was returned to iso-osmoticity by the
removal of 650 pl of the supernatant and the addition of 350 .l of hyper-
osmotic buffer (0.6 M sucrose, 10 mM HEPES-NaOH, pH 7.8). The cells
were then disrupted by passage 30 times through a 25-gauge needle, and
nuclei were removed by centrifugation for 30 min at 13,000 X g at 4°C.
The supernatant was mixed with 700 pl of OptiPrep (60% iodixanol;
D1556; Sigma) to generate a solution containing 30% iodixanol. Solutions
containing 20% and 10% iodixanol were generated by mixing with the
hypo-osmotic buffer. A total of 1,400 pl of these three solutions was lay-
ered in centrifuge tubes, which were centrifuged at 350,000 X g in an
SW55 Ti rotor for 3 h at 4°C. Ten fractions of 420 p.l were collected from
the top and analyzed by Western blotting, gPCR, and plaque assay. Anti-
bodies against calnexin (ab22595; Abcam), an endoplasmic reticulum
(ER)-resident protein, were used as a marker for Western blotting.

VLPs, coimmunoprecipitation and endo-H digestion. The plasmid
pCAGCI05E, containing the sequence of JEV prM/E (strain AT31), was
kindly provided by Y. Matsuura, Osaka University, and was used for the
production of virus-like particles (VLPs). The plasmid was mutagenized
to engineer E protein mutations using a Fast Mutagenesis System, and all
constructs were verified by DNA sequencing. To produce the VLPs,
BHK-21 cells plated in a 24-well plate were transfected with pCAGC105E
using Lipofectamine 2000, and the cells were incubated in the presence or
absence of 20 mM NH,Cl at 37°C. Western blot analysis was performed at
48 h posttransfection as described above for the RVPs. For coimmuno-
precipitation, the transfected BHK-21 cells were lysed using cell lysis buf-
fer for Western blotting and immunoprecipitation (Beyotime) in the
presence of 1 mM phenylmethylsulfonyl fluoride (PMSF) at 48 h post-
transfection. Two-hundred microliters of cell lysates was incubated with 2
pl of mouse E DIII antiserum overnight at 4°C under constant rocking.
After the addition of 20 pl of protein A+ G agarose (P2012; Beyotime), the
cell lysate-antiserum mixture was incubated for 3 h at 4°C under constant
rocking. The beads were pelleted by centrifugation for 1 min at 1,000 X g
and washed five times with PBS. The beads were resuspended in SDS-
PAGE buffer and analyzed by Western blotting, and rabbit E DIII antise-
rum was used to avoid the interference of the antibody heavy chain. For
endo-fB-N-acetylglucosaminidase H (endo-H) (P0702S; New England
BioLabs) digestion, E protein in the cell lysates was digested with endo-H
according to the manufacturer’s instructions. Undigested and digested
samples were subjected to 10% SDS-PAGE and then analyzed by Western
blotting with mouse E DIII antiserum as described above.

Virus binding and entry assay. BHK-21 cells were plated in a 24-well
plate and incubated with mutant viruses in triplicate at 10,000 GCPs per
cell for 1 h at 4°C. For the virus binding assay, unbound viruses were
removed by three rinses with cold PBS, and total RNA was extracted from
cells using TRIzol reagent. QPCR was performed to quantify cell-associ-
ated viral RNA, and GAPDH was used as an internal control. The primers
for GAPDH were as follows: 5'-AGGTCGGTGTGAACGGATTTG-3'
and 5'-TGTAGACCATGTAGTTGAGGTCA-3'. For the virus entry as-
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say, unbound viruses were removed by three rinses with cold PBS, and
cells were kept in DMEM supplemented with 2% FBS in the presence or
absence of 5 nM bafilomycin Al or 50 M chloroquine for 1 h at 37°C.
After 1 h of incubation, the cells were trypsinized for 5 min at 37°C to
remove the bound virus and then replated into a 24-well plate. qPCR was
performed to quantify the cell-associated viral RNA at 16 h postinfection.

C6/36 cell-cell fusion-from-within assay. The C6/36 cell-cell fusion
assay of mutants was performed as previously described (35, 39). Briefly,
C6/36 cells plated in a 24-well plate were infected with WT and mutant
viruses at a multiplicity of infection (MOI) of 1 and then maintained in
pH 7.7 culture medium at 28°C for 4 days. Fusion was triggered at room
temperature by the application of serum-free medium buffered with mor-
pholineethanesulfonic acid (MES) and acetic acid to a final pH 5.5 for 2 h.
The cells were fixed in 4% paraformaldehyde for 10 min at room temper-
ature, and the nuclei were stained with DAPI for 10 min. Numbers of the
total nuclei and the nuclei of the syncytia in a microscopic field were
counted (at least five microscopic fields per well) for calculation of the
percent fusion (percent fusion = the number of nuclei of the syncytia/the
total number of nuclei).

Continuous passaging of mutants and adaptive mutations. The su-
pernatants collected on day 4 posttransfection (passage 0 [P0]) of each
mutant were continuously passaged in BHK-21 cells (3 to 4 days per
passage) for five rounds to determine the stability of the engineered mu-
tations or to recover the adaptive viruses. BHK-21 cells were infected with
each mutantat an MOI of 1 in each round of passage. Viral RNA extracted
from all of the recovered viruses was subjected to reverse transcription-
PCR (RT-PCR) using Moloney murine leukemia virus (M-MLV) reverse
transcriptase (28025; Invitrogen) and sequencing of the complete CprME
gene to examine the adaptive mutations.

RESULTS

Structure-based prediction of several amino acids in the E pro-
tein potentially involved in viral entry. We selected residues that
were located on the different receptor-binding motifs for mu-
tagenesis: (i) positively charged amino acids in the GAG-binding
region in the I, B-strand (H284/K286/R288/K290/K293/K297),
(ii) a glycosylated residue (N154) that might interact with DC-
SIGN, and (iii) residues located on the three loops of E DIII (BC,
329§/330G/331S5/332D/333G; DE, 363T/364S/3655/366A/367N;
FG, 386G/387R/388G/389D/390K) that were considered the re-
ceptor-binding motifs. Structure comparison (Fig. 1E) and se-
quence alignment (Fig. 2A) of the E proteins of various flavivi-
ruses revealed that all of these residues were exposed on the
surface of E proteins, but only the GAG-binding motif was con-
served in other flaviviruses. Residues that were located on the
three loops of E DIII were not conserved, which might be the
reason why the E proteins of flaviviruses interacted with different
receptors and usually resulted in different viral host range and
tissue tropisms. Also we selected three types of residues that were
critical for membrane fusion for mutagenesis: (i) hydrophobic
residues located on the klloop (2701/271V/272V/278V/280L) that
might act as a switch in the dissociation of the E dimer, (ii) con-
served residues participating in the DI-DIII interaction in the pre-
fusion conformation (R9, H144, H319, and E373) (Fig. 1C), and

Structure-Based Mutational Analysis of the E Protein

(iii) conserved residues potentially participating in the zippering
reaction of the stem along DII in the postfusion conformation
(L221, W217, Q258, F407, and T410) (Fig. 1D). All of these resi-
dues were mutated as shown in Table 1. Multiple amino acid mu-
tations are named according to the nomenclature used for the
class IT proteins, and the nomenclature for the secondary structure
of the E protein was available from sequence alignments (Fig. 2A).
Introducing mutations into the putative receptor-binding
motif or in amino acids critical for membrane fusion impairs
virus production. To analyze the role of each amino acid in the
viral life cycle, the selected residues were mutagenized in an infec-
tious full-length JEV ¢cDNA clone (pMW]JEAT). We initially in-
tended to construct a subclone, pGEM-E, containing the E se-
quence with Sall and BspEl restriction sites and then transfer the E
mutations into pMWJEAT after site-directed mutagenesis. Un-
fortunately, we were not able to obtain the subclone due to the
known toxicity of flavivirus cDNA to E. coli. To avoid a putative E.
coli promoter, we substituted the Apal restriction site for Sall and
obtained a subclone, pGEM-CprME, successfully (Fig. 2B) (40).
After the transfection of BHK-21 cells with equal amounts of in
vitro-transcribed RNA, the numbers of IFA-positive cells were
compared between WT and the mutants at 48 h posttransfection.
Three of the mutant viruses (H319A, T410A, and Q258A) had
WT-like levels of virus spread (100% IFA-positive cells), whereas
viral spread was obviously reduced for the N154A, DE, and H144A
mutants and not observed for the rest of the mutants (I, ij, kl, BC,
FG, R9A, E373A, F407A, L221S, and W217A mutants) (Fig. 3A).
To determine whether the different levels of viral spread were a
result of the reduced production of infectious virus particles, the
culture supernatants from transfected cells were quantified by
plaque assay at each time point posttransfection. Consistent with
the results of the IFA, the DE, N154A, H144A, H319A, T410A, and
Q258A mutants yielded infectious viruses although the viral titers
were lower than the WT titer at each time point, whereas the I, ij,
kl, BC, FG, R9A, E373A, F407A, L221S and W217A mutants did
not yield any detectable viruses (Fig. 3B). Sequencing of the com-
plete CprME gene of the WT and DE, N154A, H144A, H319A,
T410A, and Q258A mutant viruses (collected on day 5 posttrans-
fection), confirmed that only the engineered mutations were re-
tained. Because all of the mutations target amino acids potentially
involved in entry, they might yield viral particles deficient in either
receptor binding or membrane fusion; thus, we detected the num-
ber of GCPs in the culture supernatants by qPCR. As shown in Fig.
3C, the GCP numbers of the DE, N154A, H144A, H319A, T410A,
and Q258A mutants exhibited slightly slower growth kinetics than
the that of the WT, but the mutations unable to yield infectious
virus maintained a low GCP number in the supernatants at each
time point posttransfection, indicating that these mutations did
not yield entry-deficient virus particles. Next, the specific infectiv-
ities of WT and DE, N154A, H144A, H319A, T410A, and Q258A
mutants were determined on the basis of the number of infectious

FIG 2 The selected region or amino acids for mutagenesis in the JEV E protein. (A) Alignment of E protein sequences of Japanese encephalitis virus (JE), West
Nile virus (WN), dengue virus 2 (DEN2), and tick-borne encephalitis virus (TBE). Conserved (.), more conserved (:), and most conserved (*) amino acids are
shown above the alignment. The three domains and fusion peptide are indicated below the sequences and shown in red, yellow, blue, and orange, respectively;
the DI/DIII and DIII/stem linkers are shown in magenta, and the stem and transmembrane region (H1, H2, TM1, and TM2) are shown in gray. The B-strands
and a-helices are indicated with arrows and helices below the sequences, respectively, and labeled according to the nomenclature used for class II proteins.
Mutations introduced into the E protein are boxed in black. (B) Schematic representation of a subclone construct used to introduce mutations into the E protein.

The sequence of a putative E. coli promoter is shown at left (40).
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viral particles per GCP. We observed that the range of the spe-
cific infectivities were as follows: WT, 20 to 1,000 (GCPs/PFU);
DE mutant, 200 to 2,400; N154A, 130 to 1,900; H144A, 3,000 to
18,000; H319A, 750 to 3,600; T410A, 400 to 1,700; and Q258A,
700 to 4,900 (Fig. 3D). It was obvious that the viral particles of
H144A, H319A, and Q258A were less infectious. Overall, the
results indicated that most of the mutations impaired virus
production except in the DE, N154A, H144A, H319A, T410A,
and Q258A mutants.

Because the lack of infectious particles in the supernatants
might reflect a defect in viral assembly or the release of viral par-
ticles, we utilized a packaging system for RVPs in which a JEV
luciferase-reporting replicon, SA14/U14163-Replicon, was sup-
plemented with WT or mutant JEV structural proteins (CprME).
BHK-21 cells were electroporated with in vitro-transcribed SA14/
U14163-Replicon RNAs and then transfected with pCAGGS-
CprME at 24 h postelectroporation. RVPs with a natural virus-like
envelope and containing a replicon RNA were harvested at 48 h
posttransfection. A Renilla luciferase reporter encoded by the rep-
licon RNA permits the easy quantification of JEV expression in the
transfected cells as well as the productive entry of the RVPs into
new cells (38). Similar levels of luciferase activity were detected in
the WT and mutation-expressing packaging cells at 24 h post-
transfection, whereas higher levels of luciferase activity were de-
tected in the WT and the DE, N154A, H144A, H319A, T410A, and
Q258A mutation-expressing cells at 48 h posttransfection because
the packaging cells were infected with the secreted RVPs, suggest-
ing that none of the mutations affected the replication efficiency of
the replicon RNA (Fig. 4A). Western blot analysis showed that
most mutations were associated with a significant decrease of RVP
release into the culture supernatants, consistent with the decrease
in viral particles released in the electroporation experiments (Fig.
3 and 4B). Additionally, a qPCR assay was carried out to quantify
the GCP number of the RVPs in the culture supernatants. As
shown in Fig. 4C, the numbers of GCPs in most mutants were
drastically reduced. To further test the effect of these mutations on
the infectivity of the RVPs, we infected BHK-21 and SH-SY5Y cells
with RVPs and measured the Renilla luciferase activity at 24 h
postinfection. The lost luciferase signal of the I, ij, kl, BC, FG,
R9A, E373A, F407A, L221S, and W217A mutants could be ex-
plained by a significantly reduced yield of RVPs (data not shown).
The infectivity of the WT and the DE, N154A, H144A, H319A,
T410A, and Q258A mutants was determined by the Renilla lucif-
erase activity per GCP. As shown in Fig. 4D, the H144A, H319A,
T410A, and Q258A mutants, with similar number s of WT RVPs,
had decreased entry activity, indicating the importance of these
residues to virus entry into host cells. In contrast, the N154A and
DE mutants maintained similar or even better entry activity than
WT RVPs; thus, these residues may be not essential to viral entry
(Fig. 4D). These data suggest that the mutations caused a major
defect in the assembly or entry of viral particles but not in the
replicon RNA replication.

Mutations impair virus production by preventing virus as-
sembly and release. To further confirm that the failure of infec-
tious viruses and RVP formation in most mutations was due to a
major defect in virus assembly or release, subcellular fractionation
of genomic RNA-electroporated BHK-21 cell homogenates was
performed utilizing gradient centrifugation. Ten fractions from
the top to the bottom were collected. First, we examined the num-
ber of intracellular infectious particles and the viral genome num-
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ber contained in each fraction. The infectious particles yielded by
some mutations (the DE mutant, N154A, H144A, H319A, T410A,
and Q258A) mainly accumulated in fractions 4 to 7. In addition,
there were two peaks in the number of viral genomes in fractions
4 and 7 in both the mutations capable of yielding infectious par-
ticles and those incapable of creating infectious virus (Fig. 5).
Then, we analyzed the localization of the E and prM proteins in
these 10 fractions by Western blotting using calnexin, an ER-res-
ident protein, as a marker. For the DE, N154A, H144A, H319A,
T410A, and Q258A mutants, the majority of the E and prM pro-
teins accumulated in fractions 4 to 7, whereas for mutations failing
to yield infectious particles, the majority of the E and prM proteins
accumulated in fractions 7 to 10 (Fig. 5). In fact, previous studies
have demonstrated that fraction 7, with a peak in the viral genome
number, represented the viral assembly sites, and both the Cand E
proteins could be detected in this fraction (37, 38). As shown in
Fig. 5, the lack of a peak in the viral genome number in fraction 7
in the five I, ij, BC, FG, and R9A mutants indicates the absence of
virus particle assembly, and a peak in fraction 4 colocalizing with
the calnexin protein might represent an RNA replication site de-
rived from the ER membrane, termed a vesicle packet (VP) (41,
42). For the four kI, E373A,1.221S, and W217A mutants, with two
peaks in the viral genome number but structural protein localiza-
tion different from that of the WT, we presumed that the assem-
bled viral particles are not able to be released from the assembly
sites to the lumen of the ER (Fig. 5). For a special mutation, F407A,
which exhibits WT-like structural protein localization, we pre-
sumed that the assembled viral particles were released from the
assembly sites into the lumen of the ER, but the failure to yield
infectious particles might have occurred because the particles were
not able to be released into the secretory pathway (Fig. 5).

VLPs have been shown to be a model system with which to
identify viral assembly and release defects and can be produced
efficiently by the coexpression of the prM and E proteins (43). To
analyze the roles of mutations in the assembly and release of VLPs,
site-directed mutagenesis was carried out as shown in Table 1 in a
JEV prM/E expression construct, pPCAGC105E. The amounts of
prM proteins of each mutation in prM/E-transfected cell lysates
were similar to the amount in the WT, whereas the amounts of E
proteins of some mutations, such as in the DE, FG, R9A, and
E373A mutants, in the cell lysates were obviously reduced (Fig.
6A). Because the prM and E proteins were derived from a single
open reading frame-encoded polyprotein, we did not think that
substitutions greatly affected the expression of prM/E proteins
but, rather, altered the stability of some mutant E proteins. The
amounts of prM/E proteins in pellets compared to those of the
WT were consistent with the defect in RVP production experi-
ments, and most mutations impaired VLP release into the culture
supernatants except in the DE, N154A, H144A, H319A T410A,
and Q258A mutants although the DE and N154A mutants exhib-
ited a significant decrease in VLP release (Fig. 6B, top). The pr
peptide derived from furin cleavage of the prM protein in the
secretory pathway plays a role in silencing flavivirus fusion activity
during virus secretion by binding the virus at low pH and inhibits
virus-membrane interaction. Thus, failure of the mutants to bind
to pr would result in their undergoing membrane fusion in the
acidic environment of the trans-Golgi compartment (44, 45). To
determine whether mutant VLP release was inhibited by the lack
of pr protection in the secretory pathway, we added 20 mM NH,Cl
to the transfected cells to neutralize the acidic pH in the trans-
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with equal volumes of supernatants, and the luciferase activities of the infected cells were determined at 24 h postinfection. The specific infectivities of the WT
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FIG 5 Subcellular fractionation of in vitro-transcribed genomic RNA electroporated BHK-21 cells. Ten fractions were collected from the top, and the virus titer
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each fraction was also evaluated by Western blotting for the presence of E and prM proteins using calnexin (CNX) as a marker. Data are shown for only the WT
and seven representative mutations.

May 2015 Volume 89 Number 10 Journal of Virology jviasm.org 5677


http://jvi.asm.org

Liu et al.

A CELL LYSATES

GAPDH

prM

20mM NH,CL
°
=

M

FIG 6 VLP production in BHK-21 cells. BHK-21 cells were transfected with the WT and each mutant pCAGC105E. (A) The cell lysates were analyzed by Western
blotting at 48 h posttransfection using mouse E DIII antiserum, rabbit prM antiserum, and anti-GAPDH mouse monoclonal antibody. (B) The VLP pellets
precipitated from cell culture supernatants in the presence or absence of 20 mM NH,Cl were analyzed by Western blotting at 48 h posttransfection. Results from

one representative experiment out of three independent experiments are shown.

Golgi compartment and prevent the processing of prM to pr. As
shown in Fig. 6B (bottom), the cells in the presence of NH,Cl
produced immature VLPs without furin cleavage of the prM pro-
tein in the secretory pathway, but the amounts of prM/E proteins
in the pellets were comparable to those in the absence of NH,Cl.
These data suggest the importance of these residues in maintain-
ing the assembly function of VLPs before the VLPs traffic through
the secretory pathway.

The explanation for the reduced assembly of VLPs might be that
the mutations impair the interaction between prM and E as a proper
prM/E heterodimeric interaction is important in flavivirus assembly
(46). To investigate whether these mutations affect the prM/E het-
erodimeric interaction, immunoprecipitated proteins utilizing
mouse E DIII antiserum from prM/E-transfected cell lysates were
analyzed by Western blotting. The ratio of prM protein relative to E
protein for each mutation was similar to that observed for the WT
transfection, suggesting that the reduced VLP assembly was not due
to the impairment of prM/E heterodimerization (Fig. 7A).

To further confirm whether the mutant E proteins were able to
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traffic through the secretory pathway, the E proteins in prM/E-trans-
fected cell lysates were treated with endo-H, an enzyme that can
cleave immature high-mannose glycans from proteins. Sensitivity to
endo-H indicated that the proteins were mainly present in a compart-
ment prior to the trans-Golgi apparatus (38,47). As shown in Fig. 7B,
there were two bands of the E proteins with different molecular
weights in the WT and H144A, H319A, T410A, and Q258A muta-
tions. The top band of the E protein (endo-H resistant) indicated that
the E proteins were mostly distributed in the trans-Golgi apparatus.
We observed that the WT and T410A and Q258A mutant E proteins
were mostly distributed in the trans-Golgi apparatus; the H144A and
H319A mutant E proteins were distributed in roughly equivalent
proportions between the Golgi apparatus and a compartment prior
to the trans-Golgi apparatus. The rest of the mutant E proteins were
mainly present in a compartment prior to the trans-Golgi apparatus
(the N154A substitution resulted in no glycosylation). A smaller
amount of E proteins in the Golgi compartment could therefore ex-
plain the reduced accumulation or release of immature mutant vi-
ruses in the cells.
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independent experiments are shown.

Significantly reduced entry activity of several mutants. We
were able to characterize the effect of six representative mutants—
the DE mutant, N154A, H144A, H319A, T410A, and Q258 A—on
viral entry using high-titer virus preparations despite the failure of
the other mutations to yield infectious virus. The N154A or DE
mutant might target DC-SIGN- or other receptor-binding motifs,
respectively; H144A and H319A targeted the DI-DIII interaction
in the prefusion conformation of the E monomer, and T410A and
Q258A might target the zippering reaction of the stem along DII
in the postfusion conformation (Fig. 1).

To examine the effects of these mutations on virus binding and
entry activity, we exploited relative qPCRs to measure the viral
genome RNA associated with the cells. First, BHK-21 cells were
incubated with equal amounts of the WT or mutants (10,000
GCPs per cell) normalized by qPCR as described above, and we
measured the bound viral genome RNA following 1 h of incuba-
tion at 4°C. According to the results, these mutations in E proteins
altered the viral binding competence to the host cells. Even though
we added the same number of GCPs, we detected different
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amounts of viral genome RNA binding to the cells. As shown in
Fig. 8A (bottom), the DE, H319A, and T410A mutants had bind-
ingactivity similar to that of the WT, N154A and H144A exhibited
approximately half of the binding activity of the WT, and Q258A
had higher binding activity. Then, we initialized viral internaliza-
tion into BHK-21 cells for 1 h at 37°C and removed the remaining
virus from the cell surface by trypsinizing the cells. To detect pro-
ductive viral entry, we measured viral genome RNA synthesis in
these cells by qPCR at 16 h postinfection since both the positive
and negative strands of viral genome RNA remained at the same
levels within 10 h postinfection (data not shown). Consistent with
the RVP entry assay, viral RNA synthesis in the H144A, H319A,
T410A, and Q258A mutants was significantly reduced compared
to that of the WT, and the N154A and DE mutants maintained
equal or even greater entry activity (Fig. 8A, top). The ratio of
synthetic viral RNA to bound viral RNA was defined as viral entry
activity, and the values for H144A, H319A, T410A, and Q258A
were 6.8%, 14.1%, 59.8%, and 9.9%, respectively, whereas those
for the WT and the DE and N154A mutants were 100%, 203.3%,
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into a 24-well plate. To detect productive virus entry, the synthetic viral ge-
nome RNA of each mutation relative to that of WT was determined by gPCR
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and 92.5%, respectively (Fig. 8B). For the DE and N154A mutants,
which maintained entry activity equal to or even greater than that
of the WT, we presumed that these residues are not essential to
virus binding and entry into BHK-21 cells. For the HI144A,
H319A, T410A, and Q258A mutants, which may disturb the DI-
DIII interaction and zippering reaction during the transition of
the E protein from dimer to trimer, the reduced entry activity was
most likely due to a defect in viral membrane fusion.

A previous study indicated that histidine residues play a critical
role as sensors to trigger conformational changes in fusion pro-
teins that drive pH-dependent membrane fusion (48). We pro-
posed that replacing histidine with alanine would change virus
entry in a pH-independent manner, and we tested whether the
entry of H144A, H319A, T410A, and Q258A mutants could be
inhibited by the neutralization of endosomal compartments using
bafilomycin A1 or chloroquine. We observed that infection with
either histidine mutant was significantly inhibited by bafilomycin
A1l or chloroquine (Fig. 8C). These results are consistent with a
previous study indicating that the 50% inhibitory concentrations
(IC50s) of NH,Cl are similar for the WT WNYV and histidine mu-
tants; the authors of that study suggested that no single histidine
residue is required for the E protein-mediated entry of WNV and
that other histidine or nonhistidine residues may coordinate to
cause conformational changes in the fusion proteins (49). In our
opinion, we cannot exclude the possibility that bafilomycin Al
might inhibit infection by blocking the traffic of the endocytosis
pathway, but not pH neutralization, because a previous study has
shown that ATPase inhibitors not only raise the endosomal pH
but also block endosomal maturation (50).

To further examine the membrane fusion competence of the
H144A, H319A, T410A, and Q258A mutants, a C6/36 cell-cell
fusion-from-within assay was performed. The cells were inocu-
lated with the WT and the mutants at an MOI of 1. The pH of the
medium was kept at 7.7 at all times to prevent fusion. The E pro-
tein is not expressed on the cell surface, so the cell-cell fusion was
actually induced by the virus particles secreted into the cell culture
supernatant. Based upon the growth curves of infectious viruses,
all the viruses could reach the highest titer at 96 h postinfection
(Fig. 9A). So fusion of the infected cells was performed at 96 h
postinfection. Although the titer of the H144A mutant was lower
than the titers of other viruses, the GCP numbers of the H144A
mutant were similar to those of other viruses (Fig. 9B). So we
could rule out that reduced syncytium formation was due to a
decreased amount of virus particles present in the cell culture
supernatants. Finally, the results showed that these mutants
formed fewer syncytia than the WT, indicating reduced fusion
competence (Fig. 9C and D).

Adaptive mutations in BHK-21 cells. To investigate the func-
tion and stability of the engineered mutations in the virus life
cycle, we selected adaptive viruses from DE, N154A, H144A,
H319A, F407A, T410A, and Q258A mutants using continuous
passage on BHK-21 cells. After five passages, each mutant virus

at 16 h postinfection (top). (B) The entry activity of each mutation was mea-
sured by the ratio of synthetic viral RNA to bound viral RNA. Asterisks denote
a statistically significant reduction in entry activity compared to that of the WT
(**, P < 0.01; ¥**, P < 0.001). (C) qPCR was performed as described for panel
A (top) in the presence of bafilomycin A1 or chloroquine. Means and standard
errors are from three independent experiments.
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FIG 9 C6/36 cell-cell fusion from within. C6/36 cells were infected with the WT and mutant viruses at an MOI of 1. The cell culture supernatants were harvested
every 24 h, and then the viral titer and GCP number were calculated by plaque assays (A) and qPCR (B), respectively. (C) At 4 days postinfection, fusion of the
infected cells was triggered by serum-free medium at pH 5.5 for 2 h, and then the nuclei were stained with DAPI for 10 min. The percent fusion was determined
by the numbers of the nuclei of the syncytia relative to the total number of nuclei. Asterisks denote a statistically significant reduction in fusion activity compared
to that of the WT (**, P < 0.01; ***, P < 0.001). (D) Presentation of the syncytia formed by WT and other mutants. Syncytia were usually formed by dozens of
cells, and a representative syncytium is indicated by a white arrow.

reached a peak viral titer similar to that of the WT, but the plaque  clear [data not shown]). Sequence analysis was performed on
morphology of several cell-passaged mutants, H319A, F407A, BHK-21 cell-passaged adaptive mutations to reveal changes in the
T410A, and Q258A, exhibited a substantial reduction in size com-  viral structural proteins, C, prM, and E. Notably, each mutation
pared to that of their corresponding parental strains (the small was conserved, but we observed other mutations in the E protein
plaque morphology of the H319A adaptive mutant was not very  gene, whereas no mutations were found in the C and M protein
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FIG 10 Continuous passage of mutations for five rounds in BHK-21 cells. (A) Summary of sequencing results for mutant viruses (P0 and P5). (B and C) Binding
and entry activities of the revertants were determined as described in the legend of Fig. 8A and B. Asterisks denote a statistically significant reduction in entry
activity compared to that of the WT (¥, P < 0.05; **, P < 0.01; ***, P < 0.001). Means and standard errors are from three independent experiments. (D) BHK-21
cells were transfected with mutant pCAGC105E, F407A, F407A D189G, F407A A72V, and T410A. The cell lysates and VLP pellets were analyzed by Western
blotting for the E and prM proteins at 48 h posttransfection. Both the D189G and the A72V mutations were selected by continuous passage of the F407A mutant
in duplicate experiments. Results from one representative experiment out of three independent experiments are shown.

genes (Fig. 10A). Most of the adaptive mutations were from neg-
atively charged amino acids to positively charged or neutral amino
acids: E306A and N393H in DE, A295V in H144A, E138K and
D389G in H319A, A72V and E138K in F407A, and D389G in both
T410A and Q258A. We also observed that two mutations, E138K
and D389G, repeatedly occurred in several mutants with a small-
plaque phenotype, including H319A, F407A, T410A, and Q258A
(Fig. 10A). Next, the BHK-21 cells were incubated with equal
numbers of the WT or adaptive mutants, and the binding and
entry activity of each adaptive mutant was determined by qPCR.
The binding activity of the adaptive mutants was no more than
three times higher than that of parental strains, but the entry ac-
tivity increased significantly compared to the activities of the pa-
rental strains (Fig. 10B). The ratios of synthetic viral RNA/bound
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viral RNA in the DE, H144A, H319A, F407A, T410A, and Q258A
mutants (P5) were 109.1%, 151.0%, 62.2%, 121.3%, 141.4%, and
101.4%, respectively (Fig. 10C). These data showed that adaptive
mutants that formed small-sized plaques increased the efficiency
of virus entry into BHK-21 cells. In addition, H319A adaptive
mutants that did not form clear small plaques had lower ratios of
synthetic viral RNA/bound viral RNA than the WT.

Finally, we focused on a mutation at position 72 from alanine
to valine in the F407 mutant. The residue A72 is located at the tip
of DII and on the surface of the E protein and is conserved in
WNV and TBEV. Because the F407 mutation failed to yield any
detectable virus but might form assembled viral particles, we pre-
sumed that A72V was a compensatory mutation to increase F407
mutant virus release into the culture supernatant. To confirm this
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TABLE 2 Summary of the effects of mutations on virus assembly,
release, binding, and entry”

Mutant Assembly Release Binding Entry
I, mutant X X ND ND
ij mutant X X ND ND
BC mutant X X ND ND
FG mutant X X ND ND
R9A X X ND ND
kl mutant \V4 X ND ND
E373A vV X ND ND
F407A" v X ND ND
L2218 \V4 X ND ND
W217A \V X ND ND
DE mutant AV Ll AV 1
N154A AV ! ! \V
H144A Vv Vv \ L
H319A % vV % i
T410A AV AV4 \V U
Q258A v V 1 L

“ Symbols are as follows: X, impairment; \/, no detectable effects; ND, not done; |,
and |, |, reduction of at least 2-fold or more than 10-fold, respectively; 1, increase of
at least 2-fold.

¥ A mutation, A72V, can restore the release of F407A mutant virus into culture
supernatants.

hypothesis, we introduced this mutation into the pCAGC105E
(F407A) mutant. The intracellular amount of E protein was unaf-
fected by the A72V mutation, but this mutation compensated for
the F407A mutation by restoring VLP production to an extent
comparable to that of the T410 mutation, which resulted in WT-
like VLP production competence (Fig. 10D). Future experiments
to introduce this compensatory mutation into the F407A mutant
may further understanding of the mechanism of its release defect
and yield infectious virus for entry activity study.

DISCUSSION

Mutational analysis of the E protein of flavivirus has been used to
investigate the role of E protein in virus assembly, release, or entry
(35, 38, 51-53). In this study, utilizing mutagenesis of an infec-
tious cDNA clone of JEV, we introduced mutations into the re-
ceptor-binding motif or the amino acids critical for membrane
fusion to systematically study and reveal the JEV entry mecha-
nism. It is not surprising that these motifs are normally located in
aregion conserved among different types of JEVs and even among
the family Flaviviridae, indicating their important role in the viral
life cycle (Fig. 2A). Infectious particle and RVP production
showed that most mutations impaired virus production. Subcel-
lular fractionation and VLP production showed that five muta-
tions, in Iy, ij, BC, and FG and R9A, impaired viral assembly, and
the assembled viral particles of five other mutations, in kl and
E373A, F407A, L221S, and W217A, could not be released into the
secretory pathway. A virus binding and entry assay showed that
N154 and the DE loop are not the only or the major receptor-
binding motifs in JEV entry into BHK-21 cells, but four amino
acids, H144, H319, T410, and Q258, are important for maintain-
ing the efficiency of viral membrane fusion (Table 2). Finally,
continuous passaging of mutants showed that adaptive mutations
from negatively charged amino acids to positively charged or neu-
tral amino acids, such as E138K and D389G, can restore viral entry
activity.

Potential receptor-mediated entry. It has been well accepted
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that receptor molecule usage in flaviviruses is cell type dependent
(54), and several proteins, including GAGs, DC-SIGN, heat shock
protein 70, and vimentin, have been identified as the receptor
candidates for JEV. Five potential receptor-binding motifs poten-
tially involved in JEV entry into mammalian or mosquito cells,
including I, (GAGs binding motif), N154 (DC-SIGN binding mo-
tif), the BC loop, the DE loop, and the FG loop in DIII, have been
studied. Due to their important roles in E protein folding or virus
assembly, only two of them (N154A and the DE loop) yield infec-
tious viruses. In fact, a previous study has shown that the WNV BC
loop plays key roles in E protein DIII folding, virus infectivity,
virulence, and antigenicity (55). Because the FG loop in DIII con-
tains an arginine-glycine-aspartic acid (RGD) motif that plays an
essential role in integrin-ligand interactions (56), its interaction
with integrin o35, a receptor for WNV (57, 58), should be eval-
uated. The N154A and DE mutants significantly reduced virus
release into the culture supernatants, but we could still test their
effect on virus entry using high-titer virus preparations harvested
at 4 days posttransfection. We observed that these residues are not
essential to virus binding and entry into BHK-21 cells.

DC-SIGN can facilitate JEV infection in a lymphoid cell line
that was originally not susceptible to infection, which also has
been well studied as a flavivirus attachment protein that interacts
with mannose glycans on the E protein (59-61). As shown in Fig.
7B, the E protein of the N154A mutation had only one protein
band with a small molecular weight in the presence or absence of
endo-H, indicating that the N154A mutation abolished the carbo-
hydrate modification in the E protein. So we thought that N154 is
not essential to virus binding and entry into BHK-21 cells because
N-linked carbohydrates specifically interact with DC-SIGN,
which is not expressed on BHK-21 cells; further study of dendritic
cell infection may be necessary. Our finding with respect to the DE
mutation is inconsistent with a previous study indicating thatloop
3 peptides (the DE loop) can prevent JEV infection by interfering
with virus attachment to BHK-21 cells (18). A similar phenome-
non was observed in DENV?2 virus, where a peptide containing the
FG loop inhibits E DIII protein binding to C6/36 cells (19), but the
deletion of the DIII FG loop in DENV2 does not affect the infec-
tion of C6/36 cells (52). A possible explanation for this phenom-
enon is that these loops are not the only or the major receptor-
binding motifs (51). We found that the DE mutant is capable of
infecting C6/36 cells (data not shown), but it is unclear whether
this mutant can grow in mosquitoes as C6/36 cells may be not a
useful model for predicting virus replication in live adult mosqui-
toes (52, 53). Further study should focus on whether the DE loop
contributes to host range or tissue tropism.

DI-DIII interaction in the E monomer in the prefusion con-
formation. Prefusion E protein ectodomain crystal structures
show that the region of the DI-DIII interaction in the E monomer
is highly conserved across the contact interface, and Van der
Waals contacts, salt bridges, and direct and water-mediated hy-
drogen bonds form an intricate intramolecular network. During
the transition of the E protein from dimer to trimer, the DI-DIII
interaction provided by conserved residues, such as Arg9 in DI,
Glu373 in DIII, H144 in DI, and H319 in DIII in JEV, has to be
broken (Fig. 1C and E). So it seems necessary to break the salt
bridge formed by R9 and E373 to allow viral membrane fusion
(28). However, we presume that the salt bridge maintaining the
stabilization of the DI/DIII interface is also essential to viral as-
sembly because introducing mutations to R9 and E373 indeed
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resulted in the impairment of virus production. The protonation
of H144 and H319 is likely important in the destabilization of the
DI/DII interface under low-pH conditions for the initiation of
viral membrane fusion (28, 62). In fact, H323 in DIII of TBEV,
equivalent to H319 in DIII in JEV, has been identified as the crit-
ical pH sensor in initializing the fusion of VLPs with synthetic
liposomes. Fritz et al. also showed that some other conserved his-
tidines were completely dispensable for the early stage of mem-
brane fusion (48). However, Nelson et al. indicate that no single
histidine residue, but other histidine or nonhistidine residues,
may coordinate to cause conformational changes in the E proteins
in WNV (49). In this study, we show that the H144A and H319A
mutations result in a significant reduction of virus entry activity,
which is most likely due to a defect in membrane fusion. This
result may contribute to an understanding of the different func-
tions of the histidine in the genus Flavivirus and also to the devel-
opment of novel vaccines or antiflaviviral strategies based on the
DI-DIII interaction in the E prefusion conformation.

Speculative zippering reaction of the stem in postfusion con-
formation. In the postfusion conformation, final zippering of the
stem along DII forces the juxtaposition of the fusion peptides and
the transmembrane segments; thus, the H1 helix in the stem will
contact both the DI aA and aB helices. Mutations introduced into
the H1 and aA helices in TBEV indicate that the interaction of
F403 (equivalent to F407 in the H1 helix in JEV) with a hydropho-
bic pocket formed by W219 and L223 (equivalent to W217 and
1221, respectively, in the aA helix in JEV) is critical for initiating
the zippering reaction though the F403I mutation retains a WT-
like fusion activity (63). However, the crystal structure of the
DENV E protein late-stage fusion intermediate shows that F402,
which is equivalent to F403 in TBEV, indeed lies against a con-
served hydrophobic surface formed by the side chains of L216,
1218, and M260 instead of W212 and L216, which are equivalent
to W219 and L223 in TBEV, respectively (64). Five mutations of
conserved amino acids, F407 and T410 in the H1 helix, W217 and
L221 in the aA helix, and Q258 in the aB helix in JEV, likely par-
ticipating in the zippering reaction are analyzed in this study (Fig.
1D and E). Three of the mutations, F407A,1L221S,and W217A, are
lethal in BHK-21 cells, and no infectious viruses were obtained
posttransfection due to their important roles in virus assembly
and release as described above; the other two mutations, T410A
and Q258A, result in a significant reduction in viral membrane
fusion activity. High-resolution structures of the E protein ect-
odomain usually lack the stem region; thus, the intramolecular
interaction between the stem region and the E protein ectodomain
in the postfusion conformation is still disputed. T406 in TBEV,
equivalent to T410 in JEV, is predicted to form hydrogen bonds
with Q260 at the beginning of the aB helix (Q258 in JEV) (28), but
our data show that the entry activity of T410A relative to that of
the WT was reduced by only 40%, much less than that with
Q258A. However, in a homology model of the trimeric postfusion
E protein, T410, likely exposed on the trimer surface, is apart from
Q258, and Q258 may interact with the other residues at the end
ofthe HI helix (Fig. 1D). However, these results have suggested
that proper initiation of the zippering reaction of the stem
might be critical for JEV infection in mammalian cells; in fact,
peptides derived from the E protein stem can inhibit flavivirus
entry (65, 66).

Positive-charge mutations recover the reduced entry activ-
ity. We found that adaptive viruses from H144A, H319A, T410A,
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and Q258A mutants arising by serial passage in BHK-21 cells can
recover the reduced entry competence to WT-like levels, and most
adaptive mutations were from negatively charged amino acids to
positively charged or neutral amino acids. In particular, the E138K
and D389G mutations repeatedly occur in several mutants and
have exhibited a small-plaque phenotype. Serial passage of the
N154A mutant in BHK-21 cells did not result in any changes in the
E protein. Because the N154A mutation did not have any effect on
virus entry activity, we presume that the positive-charge muta-
tions are selected in response to reduced entry activity. In fact, a
previous study has shown that serial passage of the WT Nakayama
strain of JEV in BHK cells also did not result in any changes in the
E protein (67). We also found that all of the adaptive mutations
were located on the surface of the E protein. For example, residue
389 lies at the DIII FG loop, which also provides further evidence
for the FG loop acting as a receptor-binding motif. In this study,
we observed that the entry activity of several positive-charge re-
vertants has been recovered compared to activity levels of the pa-
rental strains. We calculated the entry activity relative to bound
viral RNA (Fig. 10C), so the recovered entry activity was likely not
due to the higher virus binding competence of the revertants than
that of the WT. Previous studies showed that the positive-charge
mutations can enhance the binding affinity to GAGs and increase
the efficiency of virus internalization into host cells, and the rever-
tants were most likely a result of altered receptor usage for virus
binding-entry with the involvement of GAGs in the continuous
passaging process (20, 67, 68). In our opinion, the positive-charge
revertants could internalize in the host cells more efficiently uti-
lizing the GAGs on the cell surface, which is likely the reason that
the revertants can recover the reduced entry activity into BHK-21
cells.

Critical regions in the envelope protein participating in the
flavivirus entry pathway, including the receptor binding domain,
the stem region, and the hydrophobic pocket, have been shown to
be suitable as drug targets (13). In fact, many useful DENV-tar-
geting compounds blocking these regions of the viral entry path-
way have been identified (69). Because JEV shares a high percent-
age of amino acids in the E protein with the other flaviviruses,
more work on the identification and characterization of critical
amino acids in the E protein may provide a novel theoretical basis
for drug and vaccine design for flaviviruses. Our study has re-
vealed the critical role of several amino acids in the envelope pro-
tein in the assembly, release, and entry of JEV. In addition, we
show for the first time that the H144A, H319A, T410A, and Q258A
mutants are fusion-attenuated viruses, which may be useful for
developing a novel vaccine for flaviviruses.
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