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The plus-sense RNA genome of Japanese encephalitis virus (JEV) contains noncoding regions (NCRs) of 95
and 585 bases at its 5* and 3* ends, respectively. The last 83 nucleotides of the 3*-NCR are predicted to form
stable stem-loop (SL) structures. The shape of this 3*-SL structure is highly conserved among divergent flavi-
viruses even though only small stretches of nucleotide sequence contained within these structures are con-
served. These SL structures have been predicted to function as cis-acting signals for RNA replication and as
such may bind to viral and cellular proteins that may be involved in viral replication. We have studied the
interaction of the JEV 3*-NCR RNA with host proteins using gel retardation assays. We show that the JEV 3*-
SL structure RNA forms three complexes with proteins from the S100 cytoplasmic extract prepared from the
neonatal mouse brain. These complexes could be obtained in the presence of 200 mM KCl, indicating that the
RNA-protein interaction may be physiologically relevant. UV-induced cross-linking and Northwestern blotting
analyses detected three proteins with apparent molecular masses of 32, 35, and 50 kDa that bound to the JEV
3*-SL structure RNA. Screening of the neonatal mouse brain cDNA library with the JEV 3*-SL structure
RNA identified a 36-kDa Mov34 protein interacting with it. Competition experiments using the RNA extracted
from JEV virions established that the 36-kDa Mov34 protein indeed bound to the JEV genome. Murine Mov34
belongs to a family of proteins whose members have been shown to be involved in RNA transcription and
translation. It is, therefore, likely that the murine Mov34 interaction with JEV 3*-NCR has a role in RNA
replication.

Japanese encephalitis virus (JEV) is a flavivirus with a plus-
sense, single-stranded RNA genome of ;11 kb. The genomic
RNA contains a single open reading frame capable of encod-
ing a polyprotein of ;3,400 amino acids which is subsequently
cleaved into three structural (capsid, pre-M, and envelope) and
seven nonstructural (NS1, NS2A, NS2B, NS3, NS4A, NS4B,
and NS5) proteins. The coding region in the genome is flanked
by 59 and 39 noncoding regions (NCRs) of 95 and 585 bases
(63). The size and sequence of the 39-NCR vary among differ-
ent flaviviruses although its secondary structure comprising
stable stem-loop (SL) formations is predicted to be highly
conserved. The last 80 to 90 bases at the extreme 39 end of the
genome have been predicted to form stable SL structures in
different flaviviruses (10, 11, 63, 65). There are only small
stretches of nucleotide sequences, mostly located in the loop
regions of these SL structures, that are conserved among fla-
viviruses (10). Conservation of the location and the shape of
these SL structures in the 39-NCR of flaviviruses indicates that
they may have some functional significance.

During the course of flavivirus replication, a minus-sense
RNA is synthesized from the plus-sense genomic RNA. This
intermediate form of RNA serves as template for the synthesis
of the plus-sense genomic RNA which is synthesized to 10- to
100-fold-higher levels than the minus-sense RNA (12, 62).
Both the nucleotide sequence and the structural elements of
the 39-NCR such as the 39-SL structure are predicted to con-
tain cis-acting signals for the initiation of the viral RNA tran-
scription, and thus, they may specifically interact with viral or
cellular proteins during viral RNA replication (12, 71).

A number of host proteins have been shown to be associated
with the RNA-dependent RNA polymerase of phage Qb (9),
brome mosaic virus (53), cucumber mosaic virus (34), tobacco
mosaic virus (48), vesicular stomatitis virus (19), measles virus
(44), influenza virus (46), and poliovirus (33, 43). Moreover, a
variety of host proteins has been shown to interact with puta-
tive cis-acting elements of Sindbis virus (50), mouse hepatitis
virus (40), hepatitis C virus (1, 16, 28, 36, 41, 66), rubella virus
(51, 61), human immunodeficiency virus (6, 14, 64), and other
RNA viruses (reviewed in reference 39). As for the flaviviruses,
Blackwell and Brinton (8) have described binding of elonga-
tion factor 1a (EF-1a) to the 39-SL region of the West Nile
virus (WNV), which belongs to the same antigenic subgroup of
flaviviruses as JEV (12). Recently, Chen et al. (15) have shown
that the JEV nonstructural proteins NS3 and NS5 bind to the
39-NCR. The NS5 protein, considered to be the RNA-depen-
dent RNA polymerase, binds to the 83-nucleotide 39-SL struc-
ture. However, it is not known if any of the cellular proteins
interact with JEV 39-NCR.

In this study, we have used a UV-induced protein-RNA
cross-linking assay to investigate the host protein binding to
the RNA representing the JEV 39-SL structure. At least three
proteins with apparent molecular masses of 32, 35, and 50 kDa
from the mouse brain bound to the JEV 39-NCR. Screening of
a mouse brain cDNA expression library identified a 36-kDa
Mov34 protein that bound to the JEV 39-SL RNA. This pro-
tein belongs to a family of proteins whose members are in-
volved in control of RNA transcription and translation.

MATERIALS AND METHODS

Virus and cells. The GP78 strain of JEV (69, 70) was used in these studies. The
virus was grown in porcine stable kidney (PS) cells obtained from the National
Centre for Cell Sciences, Pune, India. PS cells were grown in Eagle’s minimal
essential medium (Gibco) supplemented with 10% fetal calf serum.
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Construction of the cDNA clones. Culture supernatant of JEV GP78-infected
PS cells was used to isolate the viral RNA using the QIAmp viral RNA extraction
kit (Qiagen) as described previously (69). Synthesis of cDNA to the 39-NCR was
carried out by a standard procedure (38) using avian myeloblastosis virus reverse
transcriptase and a synthetic oligonucleotide, SV35 (TCTAGAGATCCTGTGT
TCTTCCTCAC). The oligonucleotide contained an XbaI site (shown in italics)
and a 21-nucleotide sequence (underlined) that was complementary to bases
10955 to 10976 located at the extreme 39 end of the JEV RNA (69) (GenBank
accession no. AF075723). A 582-nucleotide cDNA coding for the 39-NCR RNA
(spanning nucleotides 10395 to 10976) was PCR amplified using SV35 and an
upstream synthetic oligonucleotide, SV52 (GGGCCCTGTGATTTAAAGTAG
AAA), which contained an ApaI site followed by an 18-base JEV GP78 sequence
(underlined). The PCR product was cloned in pGemT vector (Promega), and a
plasmid clone in which the ApaI site of the vector and the insert were close
together was identified. This recombinant plasmid was digested with ApaI to
remove vector sequences and ligated to itself to generate pJE3NCR. The insert
sequence and its orientation were confirmed by nucleotide sequencing. The ApaI
site in this plasmid was close to the T7 promoter. Thus, RNA transcript made
from this plasmid would contain a 15-nucleotide vector sequence at its 59 end.

For the construction of pJE3SL, the cDNA made as described above was PCR
amplified with SV35 and SV62 (GGGCCCGGAGATCTTCTGCTCTAT),
which contained an ApaI site at its 59 end followed by the JEV GP78 sequence
between bases 10891 and 10908 (underlined). The PCR product was cloned at
the ApaI site of pGemT vector as described above. The insert sequence and its
orientation were confirmed by nucleotide sequencing. As the ApaI site in this
plasmid was 15 bases away from the T7 transcription initiation site, the RNA
transcript made from this plasmid would contain, at its 59 end, a 15-nucleotide
sequence derived from the vector.

Preparation of RNA transcripts. For in vitro synthesis of RNA, purified
plasmid DNA was linearized with XbaI. This would provide, in the synthesized
RNA, a 39 end precisely like that in the JEV genome. To generate 32P-labeled
RNA, 1 mg of linearized plasmid DNA was transcribed in vitro with T7 RNA
polymerase in a 20-ml reaction volume containing 40 mM Tris-Cl (pH 7.5), 6 mM
MgCl2, 10 mM NaCl, 2 mM spermidine, 10 mM dithiothreitol (DTT), 0.5 mM
(each) ribonucleotides (A, C, and G), 12 mM UTP, 50 mCi of [a-32P]UTP (3,000
Ci/mmol; NEN), and 20 U of RNasin (Promega). The reaction mixture was
incubated for 2 h at 30°C. RNase-free DNase I (1 U/mg of DNA) was then added,
and the reaction mixture was incubated at 37°C for 30 min. This was followed by
one phenol-chloroform-isoamyl alcohol and one chloroform-isoamyl alcohol ex-
traction. The aqueous phase containing the RNA was stored at 270°C. For
synthesis of the cold RNA, the reaction was carried out essentially as described
above except that 0.5 mM cold UTP replaced the radiolabeled UTP. RNA yield
was determined by trichloroacetic acid precipitation. A specific activity of ;108

cpm/mg was routinely obtained.
Preparation of cellular extracts. Brain tissue from a suckling BALB/c mouse

was harvested and washed three times with ice-cold phosphate-buffered saline.
The tissue was then resuspended in cytolysis buffer (10 mM HEPES [pH 7.9], 5
mM DTT, 20% glycerol, 10 mM NaCl, 0.1 mM phenylmethylsulfonyl fluoride, 10
mg of leupeptin per ml, and 1% Triton X-100), vortexed for 30 s, and stored on
ice for 15 min. The nuclei were removed by centrifugation at 2,000 3 g for 5 min
at 4°C. The supernatant was clarified by centrifugation at 100,000 3 g for 30 min
at 4°C. The resulting S100 supernatant was then transferred to a Centricon-30
microconcentrator and centrifuged as described by the manufacturer (Amicon).
Concentration and buffer exchange were continued till the lysate volume was 100
to 200 ml in storage buffer containing 20 mM HEPES (pH 7.5), 100 mM NaCl,
2 mM MgCl2, 5 mM DTT, 0.1 mM phenylmethylsulfonyl fluoride, 10 mg of
leupeptin per ml, and 50% glycerol. The cytoplasmic extract was stored at
270°C. The total protein concentration of the S100 extract was generally around
70 mg/ml.

Gel mobility shift assay. About 10 mg of the S100 cytoplasmic extract was
incubated in binding buffer (14 mM HEPES [pH 7.5], 6 mM Tris-Cl [pH 7.5], 1
mM EDTA, 1 mM DTT, and 60 mM KCl) with poly(I)-poly(C) (200 ng) and
RNasin (1 U) in a final volume of 20 ml for 10 min at 30°C. After the addition
of 3 to 6 ng of 32P-labeled RNA, the incubation was continued for 20 min at 30°C.
RNA-protein complexes were electrophoresed at 4°C on a nondenaturing 5%
polyacrylamide gel (acrylamide/bisacrylamide ratio, 50:1) containing 2.5% glyc-
erol in 0.53 Tris-borate-EDTA buffer. The gel was then dried, and the com-
plexes were visualized by autoradiography.

UV-induced cross-linking of RNA and protein. The RNA-protein binding
reaction was set up as described above. After incubation for 30 min at 30°C, the
binding reaction mixture was transferred to an ice bath and irradiated with a
short-wavelength (254-nm) UV lamp (4 W) held at a 3-cm distance from the
reaction mixture for 30 min. After irradiation, RNase (2.5 U) was added, and the
reaction mixture was incubated for 30 min at 37°C to digest unprotected RNA.
The UV cross-linked products were boiled in Laemmli sample buffer for 3 min
and analyzed on a discontinuous sodium dodecyl sulfate (SDS)–10% polyacryl-
amide gel (acrylamide/bisacrylamide ratio, 29:1). The gel was fixed in 7% acetic
acid and dried. The complexes were visualized by autoradiography.

Northwestern analysis of RNA binding protein. Protein samples were resolved
on SDS–10% polyacrylamide gels and transferred to nitrocellulose membranes
at 30 V for 16 h in Tris-glycine-methanol buffer at 4°C. Transferred proteins were
renatured overnight at 4°C in binding buffer (14 mM HEPES [pH 7.5], 6 mM

Tris-Cl [pH 7.5], 1 mM EDTA, 1 mM DTT, and 60 mM KCl) containing 1%
bovine serum albumin and 16 mg of salmon testis DNA per ml. Membranes were
then incubated for 30 min with 10 mg of yeast tRNA per ml at 30°C. After the
addition of the 32P-labeled RNA probe, the incubation was continued for 2 h at
30°C. Incubations were carried out while shaking the membranes slowly. Non-
specifically bound radioactivity was removed by washing the membranes three
times for 5 min each with binding buffer at room temperature. Protein-RNA
binding was visualized by autoradiography.

cDNA library screening. A commercially available cDNA library (Stratagene)
made from BALB/c neonatal mouse brain in the Uni-ZAP XR vector was used.
The library was amplified once in Escherichia coli strain XL1-Blue MRF9 and
plated on NZY agar using the prescribed procedure. The plates were inverted
and incubated at 42°C for 3 to 4 h until pinpoint plaques appeared. Nitrocellulose
membranes were impregnated for 30 min in 20 mM isopropyl-b-D-thiogalacto-
pyranoside (IPTG), overlaid on the plates, and incubated overnight at 37°C. The
plates were chilled for 2 h at 4°C to prevent the top agarose from sticking to the
nitrocellulose membrane and were air dried for 2 to 5 min on Whatman 3MM
paper. The membranes were incubated at 30°C for 30 min in the binding buffer
containing 14 mM HEPES (pH 7.5), 6 mM Tris-Cl (pH 7.5), 1 mM EDTA, 1 mM
DTT, 60 mM KCl, and 10 mg of yeast tRNA per ml. This was followed by the
addition of the probe (;0.5 3 106 cpm/ml) and incubation at 30°C with shaking
for 2 h. Nonspecifically bound radioactivity was removed by washing the mem-
branes three times each for 5 min in the binding buffer. The membranes were air
dried and exposed to X-ray film for 12 to 24 h at 270°C. Putative positive plaques
were picked and purified to homogeneity in a secondary and tertiary screening
round as described previously (54, 58).

Expression of histidine-tagged Mov34 in E. coli and preparation of rabbit
antiserum. Total RNA from neonatal mouse brain tissue was isolated using a
commercially available RNA extraction kit (RNeasy; Qiagen). cDNA to the
Mov34 gene was made using avian myeloblastosis virus reverse transcriptase and
a synthetic oligonucleotide, SV173 (CAAAGCTTACTTTTTCTCCTTTTTCTC),
which contained the HindIII restriction site (italics) and an 18-base complemen-
tary sequence (underlined) derived from the 39 end of the Mov34 coding se-
quence (31). The Mov34 cDNA was PCR amplified using SV173 and SV172
(TGTGGATCCATGCCGGAGCTGGCGGTG), which contained Mov34-spe-
cific sequence from the 59 end of the gene (underlined) and a BamHI restriction
site (italics). The PCR was carried out using a high-fidelity enzyme mix contain-
ing the Taq and Pow polymerases (24). The PCR product was digested with re-
striction enzymes BamHI and HindIII and cloned in E. coli expression plasmid
pQE30 (Qiagen) such that the fusion protein would contain six histidine residues
at the N terminus. E. coli (M15) cells containing pQE30Mov34 plasmid were
induced with IPTG, and the fusion protein was affinity purified using Ni-nitrilo-
triacetic acid resin (Qiagen). For preparation of the Mov34 antiserum, 100 mg of
purified His-Mov34 was emulsified with complete Freund’s adjuvant before in-
jecting the rabbit intramuscularly. This was followed by a booster given a month
later. The rabbit was bled 7 days later, and the serum was stored in aliquots at
270°C.

RESULTS

In vitro synthesis of RNA representing the 3*-NCR or the
3*-SL structure of JEV. A 582-nucleotide cDNA coding for the
39-NCR of JEV was cloned in pJE3NCR under the T7 pro-
moter as described in Materials and Methods. The plasmid was
linearized with XbaI such that the 39 end of the in vitro-
synthesized RNA would be precisely the same as in the JEV
genome. Since the 39-NCR sequence was 15 nucleotides away
from the transcription initiation site, the RNA synthesized
from pJE3NCR would have 15 non-JEV bases at its 59 end
derived from the vector sequence, thus giving a 597-base RNA.
When transcription was carried out at 37°C, the majority of the
RNA synthesized was ;250 bases long. The full-length RNA
synthesis was achieved when the transcription was carried out
at 30°C. The RNA size was checked on a 5% polyacrylamide-
urea gel (containing 8 M urea) using standard RNA markers
(data not shown). The size of the RNA was also established by
its reverse transcription and PCR amplification using oligonu-
cleotides SV35 and SV52 (see Materials and Methods) and
running the product on an agarose gel for size estimation (data
not shown). A similar strategy, as described above, was used
for transcription of RNA representing the 39-SL structure of
JEV. A 101-nucleotide RNA was produced, the size of which
was confirmed by running it on a urea-polyacrylamide gel as
described above (data not shown).
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Mouse brain cell proteins bind to the 3*-NCR of JEV. Ex-
tract from mouse brain cells was incubated with the 597-base
radiolabeled RNA representing the 39-NCR of JEV. The
RNA-protein complex was resolved on a nondenaturing poly-
acrylamide gel (Fig. 1A). A distinct shift in RNA position was
seen which indicated that the cellular protein(s) from mouse
brain cells bound to the 39-NCR of JEV. Specificity of the
RNA-protein interaction was established by using nonspecific
competitors such as yeast tRNA (100 ng to 10 mg) and poly(I)-
poly(C) (200 ng to 1 mg) which were in great excess compared
to the 39-NCR RNA in binding reactions. These nonspecific
RNAs did not interfere with the formation of the protein-RNA
complex (Fig. 1A). However, an excess of unlabeled JEV 39-
NCR RNA used as a specific competitor inhibited RNA-pro-
tein complex formation (data not shown). A nonspecific tran-
script, made from the same vector (pGemT) as that used in the
construction of pJE3NCR, did not inhibit the RNA-protein
complex formation, indicating that the proteins were interact-
ing with the 582-base JEV-specific RNA sequence in the 597-
base transcript and not with the 15-base sequence that it con-
tained from the vector backbone (data not shown). The RNA-
protein interaction could be seen in the presence of as much as
200 mM KCl (Fig. 1B), indicating that the protein(s) bound to
JEV 39-NCR RNA with high affinity and the interaction may
be physiologically relevant. The RNA-protein complex forma-
tion was not seen if the cell extract was treated with proteinase
K before incubation with the 39-NCR RNA (data not shown).

The RNA-protein complex seen above could not be resolved
properly, as the RNA used in the binding reaction was 597 bp
long. Therefore, it is not clear whether the complex contained
one or more than one protein. In the case of WNV, Blackwell
and Brinton (7) demonstrated that proteins from baby hamster
kidney (BHK) cells bound to the 39-SL structure of the viral
RNA. We have, therefore, examined if the formation of the
JEV 39-NCR RNA-protein complex seen as described above
was competed by the 39-SL structure RNA of JEV. Figure 1B
shows that 39-NCR-RNA-protein complex formation was in-
hibited by the 101-base unlabeled RNA containing the 86-
nucleotide 39-SL structure of JEV. This indicated that the
mouse brain cell proteins that bound to the 582-base 39-NCR
RNA of JEV actually bound to the 86-base 39-SL structure. We
have subsequently studied the binding of the mouse brain cell

proteins to the 39-SL structure of JEV. Figure 2 shows that the
39-SL RNA of JEV formed at least three complexes (A, B,
and C) with proteins from the mouse brain. These complexes
were stable in the presence of 200 mM KCl in the binding
reaction, indicating high affinity of RNA-protein interaction.
The presence of a large excess of nonspecific competitors such
as poly(I)-poly(C), poly(A)-poly(C)-poly(U), yeast tRNA,
and plasmid DNA in the binding reaction did not inhibit the
39-SL RNA-protein complex formation (Fig. 2A), whereas
viral RNA purified from the JEV virions inhibited the com-
plex formation (Fig. 2B), indicating that interaction of cellular
proteins with the in vitro-synthesized RNA coding for the 39-
SL structure indeed represented the interaction of cellular
proteins with the JEV genomic RNA.

UV-induced cross-linking of mouse brain cell proteins to the
3*-SL structure of JEV RNA. In order to characterize cellular
proteins that specifically interacted with the 39-SL structure of
JEV RNA, a UV cross-linking assay was performed where
proteins from the S100 extract of the mouse brain cells that
interacted with radiolabeled 39-SL structure RNA were cross-
linked to it by UV irradiation. The RNA-protein complexes
were subjected to RNase treatment to remove RNA sequences
that may not be involved in interaction with the protein. These
complexes were subsequently separated on an SDS-polyacryl-
amide gel. Figure 3 shows that at least four bands with appar-
ent molecular masses of 40, 46, 55, and 77 kDa were visible
when the complexes were digested with RNase T1 or RNase A.
Complexes with apparent molecular masses of 46 and 55 kDa
were most intense. The 55-kDa band was very intense when the
complexes were digested with RNase T1 (Fig. 3). It wasn’t clear
if this represented more than one band. Thus, UV cross-linking
identified at least four proteins that bound to the 39-SL struc-
ture RNA. This was in contrast to only three complexes that
were detected on the nondenaturing gel.

Characterization of mouse brain cell proteins binding to the
3*-SL structure RNA of JEV. Apparent molecular weights
(MWs) of the complexes seen on the SDS-polyacrylamide gel
may be higher than the actual MWs of the corresponding
proteins, as these complexes contain RNA covalently coupled
to the protein. Northwestern blotting was carried out for an
improved estimation of the MWs of proteins that bound to the
39-SL structure RNA of JEV. Figure 4 shows specific binding

FIG. 1. Binding of mouse brain cell proteins with the JEV 39-NCR RNA. An
RNA-protein binding reaction was carried out using 6 ng of radiolabeled 39-NCR
RNA (597 nucleotides long) and 10 mg of mouse brain cell S100 extract in the
presence of different amounts of KCl. The RNA-protein complexes were re-
solved on a 5% polyacrylamide gel (acrylamide/bisacrylamide ratio, 120:1). (A)
Lane 1, free probe; lanes 2, 3, and 4, binding in the presence of 200, 500, and
1,000 ng of poly(I)-poly(C), respectively; lane 5, binding in the presence of 10 mg
of yeast tRNA. All of these binding reactions were carried out in the presence of
20 mM KCl. (B) Lane 1, free probe; lanes 2, 3, and 4, binding in the presence of
20, 60, and 200 mM KCl, respectively; lane 5, binding in the presence of 60 mM
KCl and 1 ng of unlabeled 39-SL RNA (101 nucleotides long); lane 6, binding in
the presence of 60 mM KCl and 6 ng of unlabeled 39-SL RNA. All of these
binding reactions were carried out in the presence of 200 ng of poly(I)-poly(C).

FIG. 2. Binding of mouse brain cell proteins with the JEV 39-SL structure
RNA. An RNA-protein binding reaction was carried out using 6 ng of radiola-
beled 39-SL structure RNA and 10 mg of mouse brain cell S100 extract in the
presence of 200 mM KCl. The RNA-protein complexes were resolved on a 5%
polyacrylamide gel (acrylamide/bisacrylamide ratio, 50:1). (A) Lane 1, free probe;
lanes 2 to 5, binding in the presence of 500 ng of poly(I)-poly(C), poly(A)-poly(C)-
poly(U), yeast tRNA, and an unrelated plasmid DNA, respectively. (B) Lane 1,
free probe; lane 2, binding in the presence of 500 ng of poly(I)-poly(C); lanes 3
and 4, binding in the presence of 500 ng of poly(I)-poly(C) and the RNA ex-
tracted from 300 or 2,700 ml of culture fluid from JEV-infected cells, respectively.
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of the 39-SL structure RNA with cellular proteins with appar-
ent molecular masses of 32, 35, and 50 kDa. Although a few
other bands were also seen, these were perhaps due to the
nonspecific or low-specificity binding of the cellular proteins
with the 39-SL structure RNA. The probe did not bind to any
of the eight proteins used as MW markers (data not shown),
indicating the specificity of the JEV 39-SL structure RNA in-
teraction with the three cellular proteins.

Identification of mouse brain proteins binding to the 3*-SL
structure of JEV RNA. In order to identify the proteins that
interact specifically with the 39-SL structure RNA of JEV, we
have screened a mouse brain cDNA expression library with
radiolabeled 39-SL structure RNA. About one million recom-
binant plaques from the library were screened to identify re-
combinant bacteriophage 521A2 that repeatedly bound with
the 39-SL RNA. This bacteriophage was plaque purified four
times before being used for rescuing the cDNA insert in a
plasmid form. Digestion of the plasmid DNA with EcoRI and

subsequent nucleotide sequencing established that it had a
531-nucleotide cDNA insert. The nucleotide sequence of the
cDNA insert was established (data not shown). The GenBank
database homology search revealed that the insert sequence
had 99.8% sequence identity with the gene coding for an al-
ready-described mouse Mov34 protein of 36 kDa (accession
no. M64641). The identity at the amino acid sequence level was
100%.

Binding of Mov34 protein to 3*-SL RNA. The full-length
gene coding for the mouse Mov34 protein was obtained by
reverse transcription-PCR using the mouse brain RNA and
appropriate synthetic oligonucleotides based on the mouse
Mov34 sequence (31). The protein was expressed in E. coli as
a histidine-tagged fusion protein. The protein was affinity pu-
rified using the histidine tag and employed for 39-SL RNA
binding studies by Northwestern blotting (Fig. 5). The recom-
binant Mov34 showed clear binding with the radiolabeled
RNA. None of the E. coli proteins, copurified with the histi-
dine-tagged proteins, or the proteins used as MW markers
bound to the labeled 39-SL RNA, establishing the specificity of
the Mov34 interaction with the JEV RNA. A 21-kDa buffalo
growth hormone (Fig. 5) or a 51-kDa monkey zona pellucida
protein (data not shown) expressed in E. coli as a histidine-
tagged fusion protein did not bind with the RNA probe, indi-
cating that the binding of the 39-SL structure RNA with re-
combinant Mov34 was not simply due to the presence of the
histidine tag. Allen and Miller (2) also showed that addition of
the histidine tag to RB69 RegA translational repressor protein
did not alter its RNA binding properties. Binding of the re-
combinant Mov34 to the 39-SL RNA of JEV was also seen by
gel shift (see Fig. 7). These data thus demonstrated that mouse
Mov34 protein bound to the 39-SL RNA of JEV.

That the cellular Mov34, present in the lysate prepared from
the brain cells, also bound to the 39-SL structure RNA was
demonstrated by gel mobility supershift assay that was carried
out using anti-Mov34 polyclonal sera. Figure 6 shows that
three RNA-protein complexes were seen when no antibody
was added to the binding reaction. In the presence of the
anti-Mov34 polyclonal antiserum, complexes A and B were
seen; however, the lowest band (complex C) disappeared and
two bands with higher MWs (indicated as D and E) appeared
which were not seen when an unrelated rabbit antiserum was
included in the binding reaction. The presence of a nonspecific
antibody in the binding reaction did not result in the disap-
pearance of any of the three bands characteristic of JEV 39-SL

FIG. 3. UV-induced cross-linking of RNA and protein. An RNA-protein
binding reaction was carried out using 6 ng of radiolabeled 39-SL structure RNA
and 10 mg of mouse brain cell S100 extract in the presence of 60 mM KCl and
500 ng of poly(I)-poly(C). The RNA-protein complexes were UV cross-linked as
described in Materials and Methods. After the irradiation, the free RNA was
digested with RNase T1 or RNase A, and the products were separated on an
SDS–10% polyacrylamide gel. Lanes 1 and 2, free RNA digested with RNase A
and RNase T1, respectively; lanes 3 and 4, UV cross-linked RNA-protein com-
plexes digested with RNase A and RNase T1, respectively. Numbers on each side
of the gel indicate molecular masses in kilodaltons.

FIG. 4. Northwestern analysis of the RNA binding proteins. Mouse brain
lysate was resolved on an SDS–10% polyacrylamide gel and transferred to ni-
trocellulose membrane. Transferred proteins were renatured and allowed to
interact with radiolabeled 39-SL RNA (10 ng/ml) in the presence of 10 mg of
yeast tRNA per ml. Three proteins with apparent molecular masses of 32, 35,
and 50 kDa showed intense binding with the RNA probe. None of the proteins
used as molecular weight markers bind to the RNA probe. Numbers on each side
of the gel indicate molecular masses in kilodaltons.

FIG. 5. Northwestern blotting of murine Mov34 expressed in E. coli. Murine
Mov34 was synthesized in E. coli as a histidine-tagged protein and Northwestern
blotted with radiolabeled JEV 39-SL structure RNA synthesized in vitro. (A)
Coomassie blue-stained SDS-polyacrylamide gel. Lane 1, MW markers (indicat-
ed at the right in thousands); lane 2, histidine-tagged murine Mov34; lane 3,
histidine-tagged bovine growth hormone. (B) Northwestern blot of the gel in
panel A.
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RNA interaction with mouse brain lysate. These data indicate
that Mov34 present in the mouse brain lysate indeed interacted
with the JEV 39-SL structure RNA.

Binding of murine Mov34 to the JEV genomic RNA. Data
shown above established that the murine Mov34 protein inter-
acted with the 39-NCR RNA of JEV. In order to show that the
murine Mov34 bound to JEV RNA, we have carried out mu-
rine Mov34 binding to the radiolabeled 39-SL RNA in the
absence or the presence of the viral genomic RNA extracted
from JEV virions present in the tissue culture supernatant
from the JEV-infected PS cells. Figure 7 shows that histidine-
tagged Mov34 formed a complex with the 39-SL RNA. Forma-
tion of this complex was inhibited in the presence of the virion
RNA extracted from the tissue culture supernatant from the
JEV-infected PS cells, whereas the RNA extracted from the
tissue culture supernatant obtained from the uninfected cells
did not affect the complex formation (Fig. 7). These data dem-
onstrate that murine Mov34 bound to the JEV genome.

DISCUSSION

Flavivirus genome replication requires RNA-dependent
RNA synthesis. Since eukaryotic cells do not possess the en-
zymatic machinery necessary for this, the virus must code for it.
Considering our understanding of the DNA replication that
involves a number of transcription factors besides the DNA
polymerase, it is likely that RNA viruses make use of some of
the cellular proteins for their genome replication. Indeed, host
cell proteins have been shown to be part of the RNA replicase
complex of a number of viruses (see the introduction). More-
over, for a number of plus-strand RNA viruses, host cell pro-
teins have been shown to bind to either the 39 or the 59 end of
the genomic RNA, although their precise role in viral RNA
transcription or translation has not been established (for a
review, see reference 39). In the case of flaviviruses, Blackwell
and Brinton (7) showed that at least three proteins of the BHK

cells with apparent molecular masses of 56, 84, and 105 kDa
interacted with the 39-NCR of WNV. Subsequently, they pu-
rified and identified the ;56-kDa protein as the 50-kDa trans-
lation EF-1a, which also interacted with 39-NCR of two other
flaviviruses, yellow fever virus and dengue virus (8). Recently,
Chen et al. (15) demonstrated the binding of JEV nonstruc-
tural proteins NS3 and NS5 to the 39-NCR of the viral RNA
and established their role in virus replication. However, these
investigators did not observe any cellular protein interaction
with the JEV RNA. In the present work, we have clearly
demonstrated JEV RNA interaction with the cellular proteins
from brains of neonatal mice. We show that at least three
proteins with apparent molecular masses of 32, 35, and 50 kDa
bind to the 39-NCR of JEV genome. We have identified one of
these proteins as the 36-kDa Mov34 protein.

JEV is closely related to WNV, as the two viruses belong to
the same antigenic subgroup within the flavivirus family of
viruses (12). However, our results for apparent MWs of cellu-
lar proteins that bind the JEV 39-NCR appear to be different
from those of Blackwell and Brinton (7) for WNV. We do,
however, see a 50-kDa protein that interacts with the JEV
39-NCR. The 50-kDa protein interacting with the WNV 39-
NCR has been identified as EF-1a, and the same protein was
shown previously to interact with yellow fever and dengue
viruses (8). It is, therefore, likely that the 50-kDa protein
interacting with JEV 39-NCR is EF-1a. Efforts are underway to
confirm this. The difference in the apparent MWs of cellular
proteins in the case of the two viruses may perhaps be related
to the host cells used in the study; Blackwell and Brinton (7, 8)
used BHK cells of hamster origin, whereas we have used brain
cells from a neonatal mouse. In fact, there are differences in
the profiles of cellular proteins, from PS cells and mouse brain
cells, that bind to JEV 39-NCR (M. Ta and S. Vrati, unpub-
lished results).

One of the proteins that interact with the JEV 39-NCR has
been identified as the murine Mov34. The product of the
Mov34 gene has been shown to be essential for embryonic
viability in mice (30). Mov34 transcripts have been found in

FIG. 6. Mouse brain protein binding with JEV 39-SL structure RNA in the
presence of anti-Mov34 antiserum. RNA-protein binding reactions were carried
out using 6 ng of radiolabeled JEV 39-SL structure RNA, 10 mg of mouse brain
cell S100 extract, 60 mM KCl, and 500 ng of poly(I)-poly(C). These reactions
were carried out in the presence or absence of the Mov34 rabbit antiserum. The
RNA-protein complexes were resolved on a 5% polyacrylamide gel (acrylamide/
bisacrylamide ratio, 50:1). Lane 1, free probe; lane 2, binding in the absence of
the rabbit serum; lane 3, binding in the presence of the Mov34 antiserum; lane
4, binding in the presence of rabbit antiserum to an unrelated protein. In the
presence of the Mov34 antiserum, besides complexes A and B, two complexes of
higher mobility were seen (D and E, indicated by arrows) that were not seen in
the presence of the nonspecific antiserum.

FIG. 7. Binding of murine Mov34 with JEV RNA. RNA-protein binding
reactions were carried out using 3 ng of radiolabeled JEV 39-SL structure RNA
and 100 ng of recombinant Mov34 protein in the presence of 60 mM KCl and 500
ng of poly(I)-poly(C). Formation of the RNA-protein complex was studied in the
absence or the presence of the JEV genomic RNA. The RNA-protein complexes
were resolved on a 5% polyacrylamide gel (acrylamide/bisacrylamide ratio, 50:1).
Lane 1, free probe; lane 2, complex formation by radiolabeled JEV 39-SL RNA
with Mov34; lanes 3 and 4, complex formation in the presence of the RNA
extracted from 50 and 500 ml of culture fluid from uninfected cells, respectively;
lanes 5 and 6, complex formation in the presence of the RNA extracted from 50
and 500 ml of culture fluid from JEV-infected cells, respectively.
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almost all cell lines and tissues examined (31). The Mov34
gene lacks TATA and CAAT boxes, and the 59 end of the gene
contains many features typical of CpG islands (31). These
features and the ubiquitous expression of the Mov34 gene
suggest that its product may have some sort of housekeeping
role in the cell. Recently, Mahalingam et al. (42) have shown
that a human homologue of murine Mov34, designated hVIP/
MOV34, functions as a component of the cell cycle cascade.
They showed that human immunodeficiency virus type 1 Vpr
protein interacted with hVIP/MOV34 and that this interaction
resulted in cell cycle arrest during the G2/M phase in human
immunodeficiency virus-infected mammalian cells. In view of
these observations, it is likely that murine Mov34 is required
for normal progression of the cell cycle. Interestingly, Murgue
et al. (45) have recently shown that dengue virus infection
leads to the inhibition of human hematopoietic progenitor cell
growth in vitro. Previously, Varadinova et al. (68) have shown
that infection of PS cells with tick-borne encephalitis virus or
with WNV leads to cell cycle arrest. We have also seen cell
cycle arrest in JEV-infected PS cells (unpublished data). A
parallel may thus be drawn between Mov34-mediated inhibi-
tion of the cell cycle during human immunodeficiency virus
type 1 infection and that during JEV infection. It can be spec-
ulated that, subsequent to the viral infection of the cell, the
JEV RNA sequesters the cellular Mov34 protein by binding it
to its 39-NCR, leading to the cell cycle arrest. This block in cell
cycle may ensure that much of the cell resources are utilized by
the virus for its growth.

Murine Mov34 is a 321-amino-acid protein with a calculated
molecular mass of 36 kDa (31). The PROSITE search con-
ducted on the murine Mov34 sequence found none of the
known RNA binding motifs, although a number of leucine
repeats can be seen between amino acids 198 and 272, and
most of these leucines are spaced 6 or 13 residues apart (Fig.
8). Similar kinds of leucine repeats have been shown to be
involved in binding of the hepatitis delta antigen to the hepa-
titis delta virus RNA (13). At the C terminus of the protein,
adjacent to the leucine repeats, is a very hydrophobic domain
of amino acids that is rich in KEKE motifs (55). Such se-
quences are also found in subunits of the multicatalytic pro-
tease or the 20S proteasome, in subunit 12 of the 26S protease,
and in a variety of chaperonins including hsp90, hsp70, and
calnexin (55). The KEKE motifs have been proposed to pro-
mote the association between proteins which contain them
(55). Murine Mov34 shares a high degree of sequence identity
with p40, a regulatory subunit of the 26S proteasome isolated
from the human hepatoblastoma cell line HepG2 (67) and with
the S12 subunit of the 26S proteasome of human erythrocytes
(94.4 and 96% identity, respectively) (21). The murine Mov34,
therefore, has been proposed to be a component of the 26S
mouse proteasome (21). The 26S proteasome is a large multi-
subunit, multifunctional protein that is involved in degradation
of ubiquitinated proteins in an ATP-dependent reaction (17,
23). Furthermore, proteasomes are involved in cell cycle con-
trol (25, 29) and in early steps of the immune response, such as

major histocompatibility complex class I-restricted antigen
processing (5, 26). Proteasomes are also involved in transcrip-
tional regulation (47, 56), and recent reports suggest that they
may also participate in the pathways of cellular RNA break-
down (52, 59). It is possible that the Mov34 interaction with the
JEV 39-NCR helps in binding of the proteasome with the viral
RNA for its subsequent involvement in transcription or other
activities listed above.

Murine Mov34 interaction with the JEV RNA may have
functional relevance for viral RNA transcription, as it belongs
to a family of proteins that may participate in the regulation of
transcription and translation initiation (3, 4). For example,
eukaryotic translation initiation factors eIF3p47 and eIFp40,
which are members of the Mov34 family of proteins, share
significant amino acid identity with murine Mov34 in their
N-terminal halves (3, 4, 35). Furthermore, Mov34 homologues
human JAB1 and Schizosaccharomyces pombe pad1 have been
shown to selectively potentiate transcription via binding to
gene regulatory protein AP1 (18, 60). Thus, there is consider-
able evidence showing involvement of homologues of Mov34
protein in regulation of eukaryotic transcription, translation,
and protein degradation (see reference 3). The reverse of this
also seems to be true: a modulator of human immunodefi-
ciency virus TAT-dependent transcriptional activation is iden-
tical to the S7 subunit of the 26S proteasome (20), and protein
synthesis elongation factor EF-1a has been shown to be essen-
tial for ubiquitin-mediated degradation of certain proteins by
the 26S proteasome (27). Interestingly, EF-1a has been shown
to interact with the 59 end of poliovirus genomic RNA (33) and
39 ends of turnip yellow mosaic virus RNA (37) and WNV
RNA (8). The role of EF-1a in replication of the viral RNA
genome is not clear at this stage, although it has been suggest-
ed that it plays a role in targeting the viral RNA to a suitable
microenvironment for efficient replication. We have not yet
established the biological significance of murine Mov34 inter-
action with JEV RNA, but considering its homology to a num-
ber of proteins from the Mov34 family that are involved in
control of transcription, it is likely to play a role in JEV RNA
replication. Besides, the murine Mov34 may be responsible for
protein-RNA or protein-protein interactions that may be re-
quired for subsequent assembly of viral replicase complex.

EF-1a, which binds to the 39-NCR of WNV RNA, is a trans-
lation elongation factor. Therefore, its role in transcription and
viral RNA replication is not clear. The majority of the flavivi-
rus RNA-dependent RNA polymerase activity has been shown
to be associated with the endoplasmic reticulum membrane
fraction (22, 32). It has been suggested that EF-1a attaches to
the endoplasmic reticulum membrane via a posttranslational
modification. Blackwell and Brinton (8), therefore, suggested
that EF-1a may be involved in targeting the WNV RNA to the
endoplasmic reticulum membranes for subsequent replication.
It appears that proteasomes with different subunit composi-
tions are found in different locations within the cell (57), in-
cluding the membranes of the endoplasmic reticulum (49). In
view of these data, it is possible that the murine Mov34, which
is proposed to be a proteasome component (21), directs the
transport and localization of JEV RNA to a cellular microen-
vironment that may be suitable for virus replication.
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