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The flavivirus capsid protein not only is a component of nucleocapsids but also plays a role in viral
replication. In this study, we found a small capsid protein in cells infected with Japanese encephalitis virus
(JEV) but not in the viral particles. The small capsid protein was shown to be generated by processing with host
cysteine protease cathepsin L. An in vitro cleavage assay revealed that cathepsin L cleaves the capsid protein
between amino acid residues Lys'® and Arg'?, which are well conserved among the mosquito-borne flaviviruses.
A mutant JEV resistant to the cleavage of the capsid protein by cathepsin L was generated from an infectious
c¢DNA clone of JEV by introducing a substitution in the cleavage site. The mutant JEV exhibited growth kinetics
similar to those of the wild-type JEV in monkey (Vero), mosquito (C6/36), and porcine (PK15) cell lines,
whereas replication of the mutant JEV in mouse macrophage (RAW264.7) and neuroblastoma (N18) cells was
impaired. Furthermore, the neurovirulence and neuroinvasiveness of the mutant JEV to mice were lower than
those of the wild-type JEV. These results suggest that the processing of the JEV capsid protein by cathepsin
L plays a crucial role in the replication of JEV in neural and macrophage cells, which leads to the pathogenesis

of JEV infection.

The genus Flavivirus within the family Flaviviridae comprises
over 70 viruses, many of which are predominantly arthropod-
borne viruses, such as Japanese encephalitis virus (JEV), West
Nile virus (WNV), Murray Valley encephalitis virus (MVE),
dengue virus (DEN), yellow fever virus (YFV), and tick-borne
encephalitis virus (TBEV). They frequently cause significant
morbidity and mortality in mammals and birds (5). JEV is
distributed in the south and southeast regions of Asia and is
kept in a zoonotic transmission cycle between pigs or birds and
mosquitoes (5, 42, 45). JEV spreads to dead-end hosts, includ-
ing humans, through the bite of JEV-infected mosquitoes and
causes infection of the central nervous system with a high
mortality rate (5, 45). JEV has a single-stranded positive-
strand RNA genome of approximately 11 kb, which is capped
at the 5’ end but lacks a 3’ polyadenine tail (24). The ability of
the flaviviral genomic RNA to cyclize is crucial for viral repli-
cation (1, 14). Among mosquito-borne flaviviruses, two com-
plementary cyclization sequences, mapped in the capsid
protein-coding region and 3’ untranslated region (UTR), me-
diated the cyclization by RNA-RNA base pairing, together
with a second pair of complementary sequences, named 5’ and
3" upstream AUG regions (1, 10, 14, 19, 25). The genomic
RNA includes a single large open reading frame, and a
polyprotein translated at the endoplasmic reticulum (ER)
membrane is cleaved co- and posttranslationally by host and
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viral proteases to yield three structural proteins, the capsid,
precursor membrane (prM), and envelope (E) proteins, and at
least seven nonstructural proteins, NS1, NS2A, NS2B, NS3,
NS4A, NS4B, and NS5 (24).

Although the capsid protein has very little amino acid ho-
mology among flaviviruses—for example, the homologies of
the capsid protein of JEV to those of WNV, DEN type 2
(DEN2), and TBEV were only 67%, 33%, and 25%, respec-
tively—the structural properties, such as the hydrophobicity
profile, abundance of basic amino acid residues, and secondary
and tertiary structures, are well conserved (11, 18, 27). The
flavivirus capsid protein commonly contains two hydrophobic
sequences in the center and the carboxyl terminus. The latter
serves as a signal sequence of prM. The signal/anchor sequence
is cleaved off by the viral protease NS2B/3, and this cleavage is
required for the subsequent liberation of the amino terminus
of prM by the host signal peptidase (26, 43, 49). The mature
capsid protein may be associated with the ER membrane
through the central hydrophobic region (23, 29). Because the
capsid protein has RNA-binding ability via the basic amino
acid clusters at its amino and carboxyl termini, it is believed to
bind to the genomic RNA to form a nucleocapsid (20). Unlike
other envelope viruses, the nucleocapsid structures are rarely
found in cells infected with flaviviruses (48), although the nu-
cleocapsid of TBEV can assemble in vitro (21). Therefore,
viral assembly is thought to be a coordinated process between
the membrane-associated capsid protein and two envelope gly-
coproteins, prM and E, in the ER membrane.

In conflict with their roles as structural proteins, the capsid
proteins of some flaviviruses are localized not only in the cy-
toplasm but also in the nuclei of the infected cells (4, 28, 32, 44,
46-48). We previously reported that the JEV capsid protein
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has also been detected in both the nucleoli and cytoplasm and
that the mutant virus defective in the nuclear localization of
capsid protein exhibited impaired viral growth in mammalian
cells and neuroinvasiveness in mice (32). Furthermore, we
have also reported that the nuclear and cytoplasmic localiza-
tions of the JEV capsid protein are dependent on binding to
the host nucleolar protein B23 (46). It has been reported that,
in addition to the JEV capsid protein, the WNV and DEN
capsid proteins bind to several host proteins, such as Jabl, a
component of the COP9 signalosome complex (34), the chap-
erone protein HSP70 (35), and the heterogenous nuclear
ribonucleoprotein K (8), to regulate these functions. Recently,
Clyde and Harris have shown that the small capsid protein
isoform translated from the second AUG codon of the DEN
genome by leaky scanning is important for viral replication (9).
In this context, these properties of the flaviviral capsid proteins
raised the possibility that they play some roles in viral growth
as “nonstructural” proteins.

In this study, we detected a small capsid protein in JEV-
infected cells, but not in the released viral particles. The small
capsid protein has been shown to be generated by host pro-
tease cathepsin L. Cathepsin L was capable of cleaving the
capsid protein between amino acid residues Lys'® and Arg'®.
Furthermore, we have generated a mutant JEV carrying a
capsid protein resistant to cleavage by cathepsin L. The char-
acterization of this mutant JEV indicated that cleavage of the
capsid protein by cathepsin L plays important roles in viral
replication in mouse neuroblastoma and macrophage cells and
in the pathogenesis of encephalitis in vivo. These results sug-
gest a novel mechanism for JEV to adapt host cells by the
processing of the capsid protein.

MATERIALS AND METHODS

Cells. The mammalian cell lines Vero (monkey kidney), 293T (human kidney),
PK15 (pig kidney), RAW264.7 (mouse macrophage), and N18 (mouse neuro-
blastoma) were maintained in Dulbecco’s modified Eagle’s minimal essential
medium (DMEM) supplemented with 10% fetal bovine serum (FBS). Mosquito
cell line C6/36 (Aedes albopictus) was grown in Eagle’s minimal essential medium
supplemented with 10% FBS. Vero cell lines Vero/siNC and Vero/siCTSL, stably
expressing the hairpin small interfering RNAs (siRNA) for the nonsense se-
quence and cathepsin L, respectively, were established by transfection with
plasmids pSilencer/NC and pSilencer/CTSL (see below), respectively, and se-
lected with DMEM containing 10% FBS and 50 pg/ml hygromycin B (Sigma, St.
Louis, MO).

Plasmids. The cDNA for the capsid protein of JEV AT31 (amino acid residues
2 to 105) was amplified from pMWATGI (54) by PCR using Ex-Taq (Takara,
Shiga, Japan) and cloned between the FLAG and hemagglutinin (HA) tags in
pcDNA3.1FlagHA (36). From this plasmid, the capsid cDNAs with or without
FLAG and/or HA tags were amplified by PCR and subcloned into a mammalian
expression vector pCAGPM (31) and designated pCAG/FLAG-JEC-HA,
pCAG/FLAG-JEC, pCAG/JEC-HA, and pCAG/JEC. By the same procedure,
the plasmids encoding FLAG- and HA-tagged DEN2 and DEN4 capsid proteins,
pCAG/FLAG-DEN2C-HA and pCAG/FLAG-DEN4C-HA, were generated
from the plasmids encoding the capsid proteins of DEN2 and DEN4, respectively
(the kind gifts from F. Hasebe and M. Tadano, respectively). For mutational
analyses of the amino acid residues from 14 to 23 (based on the JEV capsid
protein sequence), a series of point mutants of the FLAG- and HA-tagged JEV
capsid proteins were synthesized by PCR-based mutagenesis (17). All of the
mutant genes, as well as the wild-type gene, were cloned into pCAGPM. The
JEV capsid gene was cloned into pcDNA 3.1/myc-His (Invitrogen, Carlsbad,
CA), and the cDNA encoding the JEV capsid protein fused with myc and His
tags was amplified and cloned into bacterial expression vector pET32a (Merck
Novagen, Darmstadt, Germany). The resulting plasmid was designated pET32/
JECmycHis. The cDNAs of human cathepsins B and L were amplified from 293T
cells by reverse transcription-PCR and cloned into pcDNA 3.1/myc-His. An
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enzymatically inactive mutation of cathepsin L in which Cys'3® was replaced with

Ala was generated by PCR-based mutagenesis. Expression vector pSilencer/
CTSL, for a hairpin siRNA for African green monkey cathepsin L, was generated
by annealing with synthesized nucleotides (sense, GAT CCG GCG ATG CAC
AAC AGA TTA TTC AAG AGA TAA TCT GTT GTG CAT CGC CTT TTT
TGG AAA,; antisense, AGC TTT TCC AAA AAA GGC GAT GCA CAA CAG
ATT ATC TCT TGA ATA ATC TGT TGT GCA TCG CCG) and insertion into
the BamHI and HindIII sites of pSilencer 2.1 U6 hygro (Ambion Inc., Austin,
TX). pSilencer/NC, encoding an siRNA with no homology to mammalian genes,
was used as a negative control. pMWAT/L17A carrying replacements of cytosine
at nucleotide 144 and thymine at nucleotide 145 with guanine and cytosine,
respectively, in pMWATG], an infectious cDNA clone of JEV, was constructed
by PCR-based mutagenesis which results in the replacement of Leu!” in the
capsid protein with Ala (see Fig. 5A). In addition, adenine-to-guanine and
guanine-to-cytosine mutations were introduced into pMWATG1 and pMWAT/
L17A at nucleotides 10865 and 10866 of the JEV gene, respectively. The result-
ing plasmids were named pMWAT/CSmt and pMWAT/L17ACSmt, respectively.

Viruses. The wild-type and L17A/CSmt JEVs were generated from plasmids
PMWATG1 and pMWAT/L17ACSmt, respectively, by a method described pre-
viously (54). The infectivity of the viruses was determined by an immunostaining
focus assay as described previously (32) and expressed in focus-forming units
(FFU). The JEV particles were purified from the supernatant of the infected
Vero cells as described previously with some modifications (32). Briefly, the
virions were clarified by centrifugation at 6,000 X g for 30 min and precipitated
with 10% polyethylene glycol (molecular mass, approximately 6,000 kDa). The
precipitates were collected by centrifugation at 10,000 X g for 45 min and
centrifuged at 147,000 X g for 20 h on a 20 to 60% sucrose gradient. The
fractions ranging from 1.16 to 1.19 g/ml in gravity were used as the purified
virion.

Antibodies. Anti-JEV capsid protein rabbit polyclonal antibody (PAb) was
prepared as described previously (32). Monoclonal antibodies (MAbs) to JEV E
(10B4) and NS3 proteins (34A1) were generous gifts from E. Konishi and K.
Yasui, respectively. Anti-FLAG tag (M2) and anti-B-actin MAbs were purchased
from Sigma. Anti-HA (HA11) and anti-myc tag (9E10) MAbs were purchased from
Covance (Richmond, CA). An antinucleolin MAb (MS-3) was purchased from
Santa Cruz Biotechnology (Santa Cruz, CA). Anti-PA28-alpha and anti-cathep-
sin L rabbit PAbs were purchased from Affinity Bioreagents (Golden, CO) and
Merck Calbiochem (Darmstadt, Germany), respectively.

Infection, transfection, immunoblotting, and cell fractionation. A monolayer
of Vero or N18 cells was infected at multiplicities of infection (MOI) of 5 and 10
with the wild-type and L17A/CSmt JEVs. Plasmids were transfected by TransIT
LT-1 (Mirus, Madison, WI) and Lipofectamine 2000 (Invitrogen) for Vero and
293T cells, respectively, according to the manufacturers’ instructions. At 24 h
after inoculation or transfection, cells were lysed on ice by Triton lysis buffer (20
mM Tris-HCI [pH 7.4], 135 mM NaCl, 1% Triton X-100, 10% glycerol) supple-
mented with a protease inhibitor cocktail (Biovision, Mountain View, CA) and
subjected to sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE) and Western blotting as previously described (36, 46). JEV-infected cells
were fractionated using a Nuclear/Cytosol Fractionation kit (Biovision).

Inhibition of capsid protein processing. E64d and CA074Me were purchased
from the Peptide Institute (Osaka, Japan). Z-Phe-Tyr-(tert-butyl)-diazomethyl
ketone (DMK) (Z-FY-DMK), Z-Val-Ala-Asp-fluoromethyl ketone (FMK) (Z-
VAD-FMK), PD150606, and bafilomycin Al were purchased from Merck Cal-
biochem. Chloroquine and ammonium chloride were obtained from Sigma and
Nacalai Tesque (Kyoto, Japan), respectively. Chloroquine and ammonium chlo-
ride were dissolved in distilled water, and bafilomycin Al was dissolved in
ethanol. The other reagents were dissolved in dimethyl sulfoxide (DMSO). At
24 h after inoculation or transfection, cells were incubated with the culture
medium containing each reagent or solvent for 8 h at 37°C and examined by
immunoblotting. To determine the effects of CA074Me or FY-DMK on the
cleavage of the capsid protein, cells transfected with pCAG/FLAG-JEC-HA
were treated with the inhibitor for 8 h at 37°C. The ratios of the densities of the
slower- and faster-migrating capsid proteins (C1 and C2, respectively) detected
by immunoblotting were calculated by Multi Gauge software (Fujifilm, Tokyo,
Japan). The relative cleavage values were determined as the C2 to C1 ratio in the
presence of inhibitor/the C2 to Cl ratio in the absence of inhibitor. The inhib-
itory effects of CA074Me or Z-FY-DMK to cathepsins B and L were determined
as described previously (7, 13) with some modifications. Briefly, Vero cells (2 X
10°) were treated with CA074Me or Z-FY-DMK for 4 h at 37°C and lysed with
25 pl of acidic lysis buffer consisting of 100 mM sodium acetate (pH 5.0), 1 mM
EDTA, 0.5% Triton X-100, 2 mM AEBSF [4-(2-aminoethyl)benzenesulfonyl
fluoride] (Merck Calbiochem), 5 pg/ml aprotinin (Nacalai Tesque), 100 pM
bestatin (Sigma), and 15 uM pepstatin (Peptide Institute). Insoluble materials
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were sedimented in a microcentrifuge at 4°C. Ten microliters of each lysate was
mixed with 90 pl of reaction buffer (100 mM sodium acetate [pH 5.0], 1 mM
EDTA, 4 mM dithiothreitol, 2 mM AEBSF, 5 wg/ml aprotinin, 100 pM bestatin,
15 pM pepstatin). The resulting samples were mixed with 100 wl of cathepsin
B-specific (100 pM Z-Arg-Arg-MCA [4-methylcoumaryl-7-amide; Peptide Insti-
tute], 0.1% Brij 35) (3) or cathepsin L-specific (100 uM [Z-Phe-Arg],-R110
[Molecular Probes, Eugene, OR], 0.1% Brij 35) (2) substrate solutions in a black
96-well plate (Corning, Corning, NY). After incubation for 30 min at room
temperature, fluorescence was measured using a fluorescence multiwell plate
reader (CytoFluor 4000 LX1; Applied Biosystems, Foster City, CA) with an
excitation of 360 nm and an emission of 460 nm for cathepsin B and with an
excitation of 485 nm and an emission of 460 nm for cathepsin L. The relative
cleavage value in the absence of each inhibitor was defined as 1.

In vitro processing of the JEV capsid protein. The JEV capsid protein fused
with thioredoxin and myc-His tags in the N and C termini, respectively, was
purified using TALON metal affinity resin (Clontech, Mountain View, CA) from
the lysate of Escherichia coli transformed by pET32/JECmycHis. The purified
protein was dialyzed with acidic dialysis buffer (50 mM sodium acetate [pH 5.5],
1 mM EDTA) for 24 h at 4°C. The recombinant JEV capsid protein (33 pg [1
nmol]/100 pl) was incubated with 0.01 units (170 ng) of human cathepsin L
(Merck Calbiochem) for 2 h at room temperature. According to the manufac-
turer’s instructions, one unit is defined as an amount of the enzyme capable of
hydrolyzing 1.0 pmol of Z-Phe-Arg-AMC (7-amino-4-methylcoumarin) per
minute at 37°C. The resulting samples were subjected to SDS-PAGE and West-
ern blotting using anti-myc MADb. The N-terminal peptide sequences of the
cleaved capsid proteins were determined by the Edman degradation method at
the APRO Life Science Institute (Tokushima, Japan).

Computer analyses of the flavivirus capsid genes. The amino acid sequences
of the flavivirus capsid proteins were aligned with the software package GENETYX-
MAC, version 12 (GENETYX, Tokyo, Japan). The GenBank accession numbers
of the analyzed sequences are as follows: JEV AT31 strain, AB196923; MVE
1-51 strain, AF161266; WNV 1S-98 STD1 strain, AF481864; DEN1 Singapore
S275/90 strain, M87512; DEN2 New Guinea C strain, M29095; DEN3 HS87
strain, M93130; DEN4 814669 strain, AF326573; YFV 17D strain, X03700.
Nucleotides 135 to 152 and bases 10858 to 10875 in the 5’ and 3’ termini,
respectively, connected by 8 X nucleotides alternative to bases 153 to 10857, of
the wild-type and mutant JEV genomes were applied to GENETYX-MAC to
predict RNA secondary structures with minimum free energy.

Growth Kinetics of JEVs in vitro. Vero, C6/36, PK15, N18, RAW264.7, Vero/
$iNC, and Vero/siCTSL cells in 24-well plates (2 X 10°) were infected with the
wild-type or L17A/CSmt virus at an MOI of 5 for 1 h, washed three times with
a medium to remove unbound viruses, and incubated with a medium supple-
mented with 5% FBS for a total duration of 72 h. To examine the effect of the
cathepsin L inhibitor on virus growth, DMSO or 1 uM Z-FY-DMK was added
to the culture medium over the incubation period (24 h). The culture superna-
tants were used for titration of infectious virus.

Mouse experiments. The pathogenicity of JEV to mice was determined as
described previously (32). Briefly, 3-week-old female ICR mice were purchased
from CLEA Japan (Osaka, Japan) and kept in special pathogen-free environ-
ments. Groups of 10 mice were intracerebrally inoculated with 30 wl of 10-fold-
diluted solutions of wild-type or L17A/CSmt virus. The virus-diluting solution
(DMEM) was administered to two mice as a control. The mice were observed for
2 weeks after inoculation to determine survival rates. The value of the 50% lethal
dose (LDs) of each virus was determined by the method by Reed and Miiench
(39). To examine viral growth in the brain, 100 FFU of the viruses were intra-
cerebrally administered to the mice. At 3 and 5 days after inoculation, the mice
were euthanized, and the brains were collected. The infectious titers in the
homogenates of the brains were determined in Vero cells as described above.
Groups of 10 mice were inoculated intraperitoneally with 1 X 10° FFU (100 pl)
of the viruses. The mice were observed for 3 weeks after inoculation to determine
survival rates.

RESULTS

JEV-infected cells contained a small capsid protein. West-
ern blotting analyses of Vero cells infected with JEV revealed
capsid proteins of 14 and 12 kDa, which were designated C1
and C2, respectively, in contrast to the purified viral particles,
in which only C1 was detected (Fig. 1A), indicating that C1 is
a mature capsid protein missing a signal sequence of the prM
protein. The C2 protein was also detected in the other cell lines
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FIG. 1. Detection of C2 protein in cells infected with JEV. (A) De-
tection of the capsid proteins from the purified viral particles and cells
infected with JEV. Lane 1, purified JEV particles produced in Vero
cells; lanes 2 and 3, mock- and JEV-infected Vero cells, respectively.
Arrows indicate a mature capsid protein (C1) and a further-processed
capsid protein (C2). (B) Detection of the capsid protein from various
cell lines infected with JEV. (C) Detection of the C1 and C2 proteins
in the cytoplasmic (Cyto) and nuclear (Nuc) fractions of Vero cells
infected with JEV. PA28-a and nucleolin are control proteins of the
cytoplasmic and nuclear fractions, respectively.

examined, and a further processed capsid protein was detected
in N18 cells infected with JEV (Fig. 1B). It was shown that the
JEV capsid protein is localized in the nuclei as well as in the
cytoplasm of the infected cells (32). The C1 and C2 proteins
were also detected in both the cytoplasmic and nuclear frac-
tions (Fig. 1C). These results indicate that two forms of the
capsid proteins, C1 and C2, are generated in cells infected with
JEV, and the larger capsid (C1) is selectively incorporated into
the viral particles.

The C2 protein lacks the amino terminus. To determine
which terminus is missing in the C2 protein, expression plas-
mids encoding a series of capsid proteins with or without amino-
terminal FLAG and carboxyl-terminal HA tags (F-JEC-H,
F-JEC, JEC-H, and JEC) were generated (Fig. 2A). Both the
C1 and C2 isoforms were detected in Vero cells transfected
with each of the expression plasmids by immunoblotting with
anti-JEV capsid PAb (Fig. 2B). The size of the C2 proteins in
cells transfected with JEC was similar to that of F-JEC, which
has the amino-terminal FLAG tag, whereas larger products
were detected in the cells transfected with F-JEC-H and
JEC-H, which have the carboxyl-terminal HA tag. Consistent
with this observation, anti-HA antibody recognized both iso-
forms in cells expressing F-JEC-H and JEC-H, whereas anti-
FLAG antibody detected only C1 in cells expressing F-JEC-H
and F-JEC. These results indicate that the C2 protein lacks the
amino-terminal region of the JEV capsid protein.
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FIG. 2. The C2 protein lacks the amino terminus. (A) Series of the
capsid protein constructs with or without FLAG and HA tags in the
amino and carboxyl termini, respectively. (B) Expression of a series of
the capsid proteins in Vero cells. The cell lysates expressing F-JEC-H,
F-JEC, JEC-H, and JEC were examined by immunoblotting using
anti-capsid, anti-FLAG, and anti-HA antibodies. The molecules de-
tected by the immunoblotting are indicated on the right. White and
black arrows indicate the C2 proteins with and without HA tags in the
carboxyl terminus, respectively.
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The JEV capsid protein is processed by cathepsin L. The C2
protein missing the amino-terminal region of the JEV capsid
protein may be generated through cleavage by a host cell
protease(s) or translation from the second start codon by leaky
scanning, as reported in the case of DEN2 (9). To assess these
possibilities, cells expressing F-JEC-H were treated with vari-
ous protease inhibitors. C2 production was completely abro-
gated by treatment with broad-spectrum cysteine protease in-
hibitor E64d at the concentration of 50 wM, along with an
increase in C1 expression (Fig. 3A), indicating that the JEV C2
protein was generated via cleavage of the C1 protein by a
cysteine protease(s) but not leaky scanning. To identify the
cysteine protease responsible for the processing of the JEV
capsid protein, specific inhibitors for individual cysteine pro-
teases were examined in cells expressing F-JEC-H. The inhib-
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itors for cathepsins B and L, CA074Me (10 pM) (6) and
Z-FY-DMK (10 pM) (40), impaired the processing, while an
inhibitor of caspases, Z-VAD-FMK (20 wM), and an inhibitor
of calpains, PD150606 (20 wM), exhibited no effect (Fig. 3A).
Cathepsins B and L are known to be present in the late endo-
some and lysosome. The treatments with inhibitors of these
acidic compartments, ammonium chloride (10 mM), chloro-
quine (50 M), and bafilomycin Al (100 nM), also blocked the
processing of the capsid protein (Fig. 3B). To determine
whether cathepsin B or L is a dominant protease for cleavage
of the JEV capsid protein, the dose dependency of the effects
of cathepsin inhibitors CA074Me and Z-FY-DMK on the
cleavage of F-JEC-H was examined. The processing of the JEV
capsid protein was inhibited in a manner that correlated closely
with the inactivation of cathepsin L rather than that of cathep-
sin B (Fig. 3C). Furthermore, overexpression of cathepsin L,
but not cathepsin B and inactive cathepsin L (C138A), resulted
in an increase of C2 production in 293T cells (Fig. 3D). In
addition, production of C2 from F-JEC-H was significantly
decreased in two independent clones of Vero cells stably ex-
pressing siRNA for cathepsin L (Fig. 3E). These results indi-
cate that cathepsin L is responsible for the processing of the
JEV capsid protein to generate the C2 protein.

Identification of the site of the cleavage of the JEV capsid
protein by cathepsin L. To determine the site of the cleavage
of the JEV capsid protein by cathepsin L, a recombinant capsid
protein possessing amino-terminal thioredoxin, His, and S tags
and carboxyl-terminal myc and His tags was prepared (Fig.
4A). The in vitro incubation of the purified capsid protein with
cathepsin L at room temperature for 60 min generated two
major cleaved products, detectable by anti-myc antibody (Fig.
4B). The amino-terminal amino acid sequencing revealed that
the mass of cleaved product 1 contained two peptides begin-
ning with the residues Ser-Asp-Lys-Ile-Ile (a minor peptide)
and Arg-Gln-His-Met-Asp (a major peptide), corresponding
to a region of the thioredoxin and S tags, respectively (Fig. 4A
and B). On the other hand, cleaved product 2 contained a
single peptide beginning with Arg-Gly-Leu-Pro-Arg, corre-
sponding to amino acid residues 19 to 23 of the JEV capsid
protein. This result indicates that the JEV capsid protein is
cleaved between Lys'® and Arg"® by cathepsin L in vitro (Fig.
4C). To further confirm the cleavage of the capsid protein in
mammalian cells, a series of F-JEC-H proteins with alanine
substitutions in each residue around the cleavage site (Ile'*
to Arg?®) was expressed in Vero cells (Fig. 4D). As indicated
in the reports that a hydrophobic amino acid residue at
position P2 is responsible for the substrate specificity of
cathepsin L (37, 38), the replacement of Leu'” (P2) with
alanine was crucial for capsid protein processing. In addi-
tion, although the single replacements at the cleavage site of
Lys'® (P1) and Arg'® (P1’) with alanine had no effect on
cleavage, the double substitution of acidic amino acids
(Lys'® to Glu and Arg" to Asp) resulted in impairment of
C2 production (Fig. 4D). These results indicate that the
JEV capsid protein is cleaved between Lys'® and Arg'® by
cathepsin L in vitro and in vivo.

Production of the C2 proteins of DENs. The P4 to P1’ region
of the cathepsin L cleavage site is conserved among many mos-
quito-borne flaviviruses, including MVE, WNV, and DENs (Fig.
4C), and the 5'-complementary cyclization sequences are over-
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FIG. 3. JEV capsid protein is processed by cathepsin L. (A) Effects of cysteine protease inhibitors on the processing of the JEV capsid protein.
Vero cells expressing F-JEC-H were treated with 50 uM E64d, 10 pM CA074Me, 10 uM Z-FY-DMK, 20 pM Z-VAD-FMK, or 20 u.M PD150606
for 8 h at 37°C and examined by immunoblotting using an anti-HA antibody. EV, empty vector. (B) Effects of anti-acidic compartment reagents
on the processing of the JEV capsid protein. Vero cells expressing F-JEC-H were treated with 10 mM ammonium chloride, 50 uM chloroquine,
or 100 nM bafilomycin A1 (BFM Al) for 8 h at 37°C and examined by immunoblotting using an anti-HA antibody. EtOH, ethanol. (C) Dose-
dependent effects of two cathepsin inhibitors, CA074Me and Z-FY-DMK, on F-JEC-H processing. Vero cells expressing F-JEC-H were treated
with CA074Me or Z-FY-DMK at the indicated concentrations for 8 h at 37°C and examined by immunoblotting using an anti-HA antibody. The
relative cleavage values for the capsid protein (solid circles) were calculated as the intensity of C2 compared to that of C1 in three independent
experiments. A representative image of the immunoblotting is indicated in each graph panel. The relative levels of cleavage of the substrates
specific to cathepsin B (gray triangles) and cathepsin L (open squares) were determined as described in Materials and Methods. The value for the
control sample without treatment of each inhibitor was taken as 1. (D) Effects of the overexpression of cathepsins on the processing of the JEV
capsid protein. 293T cells were cotransfected with plasmids encoding myc-tagged human cathepsin B (hCTSB-M), cathepsin L (hCTSL-M), or
inactive cathepsin L (hCTSL/C138A-M) with F-JEC-H. Immunoblot analysis was carried out using the antibodies shown at the left. (E) Processing
of F-JEC-H in Vero cells stably expressing hairpin siRNA corresponding to the negative control (siNC) or cathepsin L (siCTSL). Immunoblot
analysis was carried out using the antibodies shown at the left.

lapped through the P4 to P2 sites (1, 19) (Fig. 5A). The C2
proteins were also detected in cells expressing the capsid pro-
teins of DEN2 and DEN4 (Fig. 4E). To determine whether the
C2 proteins of DEN are generated in the same manner as the
C2 proteins of JEV, we examined the effect of the cysteine
protease inhibitor E64d on the productions of the DEN C2
proteins. When cells were treated with E64d at a concentration
of 50 uM, the C2 protein was diminished in cells expressing the
capsid protein of JEV, but not in those expressing DEN2 and

DEN4. However, it should be noted that treatment with the
inhibitor induced a slight delay in migration of the C2 proteins
of DENSs. These results suggest that cysteine proteases do not
play a major role in the production of the C2 proteins of DENs
but play some roles in their processing.

Construction of a mutant JEV carrying the capsid protein
resistant to cleavage by cathepsin L. To assess the biological
significance of the cleavage of the JEV capsid protein by ca-
thepsin L, a mutant JEV with Leu'” replaced by Ala (L17A)
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with anticapsid antibody at 1 day postinfection.

was generated (Fig. 5A). However, the electroporation of the
mutant RNA did not result in the production of the viral
antigen (Fig. 5B) and infectious particles (data not shown).
The coding region for Leu'” slightly overlaps the 5’ cyclization
sequences, suggesting that the lack of replication of the L17A
mutant is caused by the unstable and inappropriate secondary
structure of viral RNA (Fig. 5A). To examine this possibility,
L17A/CSmt, carrying additional complementary mutations in
the 3" UTR, which was predicted to have a stable secondary
structure, and WT/CSmt, carrying a mutation only in the 3’
UTR as a control, were generated (Fig. 5A). Upon electropo-
ration of the genomic RNAs into Vero cells, RNA of L17A/
CSmt but not of WT/CSmt exhibited replication (Fig. 5B). As
we expected, the C2 protein was not detected in Vero cells
infected with L17A/CSmt (Fig. 5C). These results further con-
firm that RNA-RNA base pairing mediated by the two com-

plementary cyclization sequences in the capsid coding region
and 3" UTR is required for replication of JEV.

Involvement of capsid protein cleavage on the cell type-
specific replication of JEV. To examine the biological function
of the C2 protein, the growth kinetics of the mutant L17A/
CSmt was examined in several cell lines. As shown in Fig. 6A,
L17A/CSmt was comparably replicated in Vero, C6/36, and
PK15 cells compared with wild-type JEV, whereas growth of
L17A/CSmt was 3.3- to 6.1-fold lower and 10.8- to 11.8-fold
lower than that of wild-type JEV in N18 and RAW264.7 cells,
respectively. In addition, L17A/CSmt exhibited reduced syn-
thesis of the viral protein in N18 cells but not in Vero cells (Fig.
6B), suggesting that impairment of L17A/CSmt replication in
N18 cells might be attributable to the reduction of viral protein
synthesis. To further confirm the involvement of capsid protein
cleavage in the cell type-specific restriction of L17A/CSmt rep-
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FIG. 6. Growth kinetics of L17A/CSmt in various cell lines.
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RAW264.7 cells at an MOI of 10. After the indicated times, the
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cells were determined. Asterisks showed significant differences by # test
(%%, P < 0.01; %, P < 0.05).

lication, we examine the effect of the cathepsin L inhibitor on
JEV replication. The cathepsin L inhibitor suppressed the
growth of the wild-type virus in N18 and RAW264.7 cells, but
not in Vero cells (Fig. 6C). Furthermore, the wild-type virus
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FIG. 7. Neurovirulence and neuroinvasiveness of L17A/CSmt in
mice. (A) Growth of the wild-type (WT; white bars) and mutant
L17A/CSmt (gray bars) virus in mouse brain. One hundred FFU of
each virus were intracerebrally injected into 3-week-old ICR mice, and
the progeny viruses in the brain at 3 or 5 days after inoculation on Vero
cells were determined. (B) Neuroinvasiveness of the WT and mutant
JEVs to mice. Ten ICR mice were intraperitoneally inoculated with
1 X 10° FFU of each virus, and the survival rates of the mice were
determined for 21 days.

replicated equally in Vero/siNC and Vero/siCTSL cells (data
not shown). These results suggest that generation of the C2
protein is required for the efficient replication of JEV in mu-
rine macrophage and neural cells.

Neurovirulence and neuroinvasiveness of L17A/CSmt in
mice. To compare the levels of neurovirulence of the wild-type
and mutant viruses, we determined the LDy, values by intra-
cerebral inoculation of the viruses in 3-week-old ICR mice.
The LDs, value of L17A/CSmt (12.3 FFU) was approximately
five times higher than that of the wild-type JEV (2.7 FFU).
Although no significant difference in symptoms was observed
between mice inoculated with 100 FFU of the wild-type and
the mutant viruses, L17A/CSmt required longer periods than
the wild-type JEV to kill mice (wild type versus L17A/CSmt:
6.8 = 0.9 versus 8.4 = 1.4 days postinoculation). To examine
the growth kinetics of the viruses in the mouse brain, 100 FFU
of each virus were intracerebrally injected and the progeny
viruses in the brain were determined. The growth of L17A/
CSmt was 16.3 and 11.0 times lower than that of the wild-type
virus at 3 and 5 days after inoculation, respectively (Fig. 7A).
Next, to compare the levels of neuroinvasiveness of the wild-
type and mutant viruses, ICR mice were intraperitoneally in-
oculated with 1 X 10° FFU of each virus. All of the 10 mice
inoculated with L17A/CSmt survived, whereas one-half of the
mice inoculated with the wild-type JEV died by 10.0 days
postinoculation on average (Fig. 7B). These results indicated
that the L17A/CSmt mutant resistant to the cleavage by ca-
thepsin L exhibits impaired neurovirulence and neuroinvasive-
ness in mice.
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DISCUSSION

Posttranslational modifications, including proteolysis, glyco-
sylation, and phosphorylation, play a key role in regulating the
functions of various proteins. Flavivirus proteins are translated
as a single large precursor polyprotein, and proteolysis by host
and viral proteases, such as signal peptidase, NS2B/3, and
furin, is crucial for viral propagation (24). In this study, we
demonstrate that some fraction of the mature JEV capsid
proteins (C1) are further processed into a small form of capsid
protein (C2) by cathepsin L, a papain-like cysteine protease.
Furthermore, the C2 protein was shown to play a role in the
replication of JEV in neural and macrophage cells and patho-
genicity in mice. It is well established that cathepsins, a large
group of lysosomal proteases, are involved in the bulk degra-
dation of proteins in the lysosome. On the other hand, limited
proteolysis by cathepsins has also been shown to convert a
hormone (12), a neurotransmitter (51), and transactivators
(15, 16, 33) from inactive precursors to the active forms and
facilitate entry of several viruses (7, 13, 41).

It has been shown that the JEV C2 protein can be generated
by the cleavage of the amino-terminal 18 amino acids from the
C1 capsid protein by cathepsin L. However, the amino-termi-
nal part of the cleavage product was not detected even though
a FLAG tag was added (Fig. 2B). Therefore, the fate of the
N-termimal 18 residues is currently unknown. The C2 protein
was detected only in the cells, not in the viral particles, in
contrast to the C1 protein, which was detected in both. The
amino-terminal 32 amino acids and carboxyl-terminal 26
amino acids of the capsid protein of Kunjin virus (KUN), an
Australian subtype of WNV, are essential for binding to the
genomic RNA (20). The amino-terminal region of the capsid
protein is well conserved between JEV and WNV. Therefore,
it is possible that the JEV C2 protein is not incorporated into
viral particles due to lack of the amino-terminal region of the
capsid protein, required for binding to the viral RNA. Three-
dimensional structural analyses revealed that the DEN and
KUN capsid proteins contain four a-helixes and form a ho-
modimer and a homotetramer (11, 27), and the amino-termi-
nal 20 amino acids of the DEN capsid protein were shown to
be flexible and not resolvable by nuclear magnetic resonance
assay (27). In addition, a deletion mutant of the capsid protein
of KUN lacking the amino-terminal 22 amino acids was used to
determine the crystal structure (11). Therefore, the amino-
terminal region of the flaviviral capsid proteins might not be
involved in the self-assembly of the capsid proteins.

The capsid proteins in the fraction that are degraded rather
than secreted as virions are likely to come in contact with
cathepsin L in the acidic compartments such as the lysosome.
Furthermore, subcellular fractionation indicated that the C2
protein had also migrated into the nucleus after processing.
Our previous studies have shown that nuclear localization of
the capsid protein and binding with the host nucleolar protein
B23 are important for JEV replication (32, 46). These data
suggest that the JEV capsid protein is translocated from the
cytoplasm to the nucleus through the acidic compartment.
Although the trafficking mechanisms of the capsid protein re-
main unknown, the C2 protein is able to migrate into the
nucleus through the nuclear localization signal and B23-bind-
ing domain at Gly** and Pro** (32, 46). The C2 protein of a
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mutant JEV in which Gly** and Pro** were replaced with
alanines (32) was impaired in nuclear localization, and the
mutant capsid protein missing the amino-terminal amino acids
was detected in the nucleus, especially in the nucleolus, when
it was expressed by plasmid transfection (data not shown). On
the other hand, it has been reported that cathepsin L or a
cathepsin L-like protease is expressed in the nucleus and
cleaves some host proteins, such as CDP/Cux (16), RB, and
SP-1 (15, 33). Therefore, the JEV capsid protein might be
alternatively processed in the nucleus by the proteases. In the
case of WNV, the export of the capsid protein from the nu-
cleus was facilitated in a Jabl-binding manner (34), and the
Jab1l-binding motif (Pro-Gly-Gly-Pro; residues 5 to 8) was also
conserved in the JEV capsid protein. Therefore, the C2 protein
lacking the Jab1-binding motif due to cleavage with cathepsin
L might be able to escape from Jabl-dependent nuclear export
and accumulate in the nucleus.

It has been established that the primary determinants of the
specificity for cathepsin L are the S2 subsite (as shown in other
papain-like proteases) and the hydrophobic residues at the P2
position of the substrates (37, 38). In addition, basic residues
show a preference for the P1 position of substrates (38). These
properties are in good agreement with our results that the
cleavage site of the JEV capsid protein by cathepsin L is
between Lys'® and Arg'® and that Leu'” at the P2 site was
crucial for the cleavage. The residues P4 to P1’ are well con-
served among mosquito-borne flaviviruses except for YFV,
and the amino acid changes of the YFV capsid protein occur
only within hydrophobic (Leu to Val at the P2 site) and basic
(Lys to Arg at the P1 site) residues, respectively (Fig. 4C).
Therefore, the capsid protein of YFV may also be cleaved by
cathepsin L.

On the other hand, it has been reported that a small capsid
protein of DEN2 was generated by leaky scanning (9). Due to
the lack of a Kozak consensus sequence around the first start
codon in many mosquito-borne flaviviruses, including DEN2,
the smaller capsid protein of DEN2 is translated from the
second or third AUG codon (9). In this context, two indepen-
dent mechanisms of leaky scanning and processing by cathep-
sin L might be involved in the production of the small capsid
protein. If both mechanisms were involved in the processing of
the capsid protein of DEN, the C2 products that were gener-
ated by leaky scanning that started at residue Met'® and then
were processed by cathepsin L at Arg'® should be present. This
hypothesis is supported by the detection of the slowly migrat-
ing C2 proteins of DEN2 and -4 by SDS-PAGE due to treat-
ment with E64d (Fig. 4E). The fast-migrating forms of the C2
proteins of DEN2 and -4 may be generated by cleavage by
cathepsin L, while the slowly migrating forms detected in the
presence of the inhibitor may be generated by leaky scanning.
In contrast, the JEV genome possesses the ideal Kozak con-
sensus sequence around the first AUG codon (9), and thus
leaky scanning should not be involved in the production of the
C2 protein.

Generation of the L17A capsid mutant in combination with
the changes in the CSmt region (L17A/CSmt mutant) was
necessary to ensure that altering the Leu'” codon did not also
affect the 3’ cyclization sequence essential for viral replication.
The RNA-RNA interaction between the 5’ cyclization se-
quences, in which the conserved amino acids required for ca-
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thepsin L cleavage are partially encoded, and the 3’ cyclization
sequences was predicted for the flaviviruses (19), and the im-
portance of the interaction for replication has been demon-
strated in many flaviviruses (1, 10, 14, 19, 25). In this study we
further confirmed the crucial role of the interaction of both the
5" and 3’ ends of the viral RNA for JEV replication. Replica-
tion is a prerequisite for the viral life cycle; therefore, the
capacity for the processing of the capsid protein, which is
partially encoded in the 5’ cyclization sequences, by cathepsin
L should be acquired during the viral adaptation to the hosts.

The growth kinetics of the L17A/CSmt JEV was reduced in
RAW264.7 and N18 cells, but not in Vero, PK15, and C6/36
cells. It is noteworthy that the neural cells and the cells of
monocyte/macrophage lineage are known to support JEV rep-
lication in vivo (22, 30, 50). The present study could not com-
pletely exclude the possibility that the complementary muta-
tions in the cyclization sequences and/or the structure of the
mutant capsid protein may be responsible for the reduced
replication of the mutant virus in specific cells in culture or in
vivo. It has been previously reported that DEN RNA with
complementary mutations in the cyclization sequences recov-
ered its direct interaction and self-primed RNA synthesis to
the same level as seen in the wild-type RNA in a cell-free
system (52, 53), whereas similar mutations significantly delayed
RNA replication of the KUN replicon (19). Suppression of
viral replication in N18 and RAW264.7 cells by treatment with
the cathepsin L inhibitor further supports the possibility that
the cleavage of capsid protein rather than RNA alteration
in the cyclization sequences plays a crucial role in viral repli-
cation. Generation of the C2 protein is not a prerequisite for
the cell-specific replication of JEV, because the processing of
the capsid protein by cathepsin L was observed in all of the
cells examined. However, we do not know the reason why the
cell lines that showed the lowest production of the C2 protein
exhibited the lowest viral production and the largest difference
in growth of wild-type and L17A/Csmt viruses at the moment.
Interaction of the C2 protein with a host factor(s) may be
required for efficient replication of JEV in neural and macro-
phage cells, in which virus replicates at a low level, whereas the
C2 protein may be unnecessary for replication in highly repli-
cation-competent cells, such as Vero, C6/36, and PK15 cells.
The importance of the small capsid protein for viral replication
has been shown in a study of DEN2, but a cell tropism for viral
replication has not been reported (9).

Consistent with the data obtained in vitro, the L17A/CSmt
mutant exhibited slow growth in the mouse brain. In addition,
the limited growth of the mutant JEV in RAW264.7 and N18
cells may be a reflection of its reduced neuroinvasiveness. The
symptoms of mice intracerebrally inoculated with the L17A/
CSmt mutant were indistinguishable from those inoculated
with the wild type, although disease induction required more
time and a larger amount of virus than that due to inoculation
with the wild type. These results suggest that the C2 protein is
involved in viral replication in vivo but does not directly par-
ticipate in virulence. This is in clear contrast to the mutant JEV
defective in the nuclear localization of the capsid protein,
which exhibited neurovirulence comparable to that of the wild
type in spite of severe impairment of growth in the brain (32).

The present study demonstrated that cleavage of the capsid
protein by cathepsin L and the resulting C2 protein missing the
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amino-terminal 18 amino acids plays a role in JEV replication
in the nerve and macrophage cell lines, suggesting that the
capsid protein has additional functions other than nucleocap-
sid formation. The limited genomic information of flaviviruses
may constrain the multiassignment strategies of the viral pro-
teins during the evolutional adaptation of the viruses to their
hosts.
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