
JOURNAL OF VIROLOGY, Sept. 1996, p. 6278–6287 Vol. 70, No. 9
0022-538X/96/$04.0010
Copyright q 1996, American Society for Microbiology

Cell Proteins Bind Specifically to West Nile Virus
Minus-Strand 39 Stem-Loop RNA
PEI-YONG SHI,† WEI LI, AND MARGO A. BRINTON*

Department of Biology, Georgia State University, Atlanta, Georgia 30303

Received 18 January 1996/Accepted 30 May 1996

The first 96 nucleotides of the 5* noncoding region (NCR) of West Nile virus (WNV) genomic RNA were
previously reported to form thermodynamically predicted stem-loop (SL) structures that are conserved among
flaviviruses. The complementary minus-strand 3* NCR RNA, which is thought to function as a promoter for the
synthesis of plus-strand RNA, forms a corresponding predicted SL structure. RNase probing of the WNV 3*
minus-strand stem-loop RNA [WNV (2)3*SL RNA] confirmed the existence of a terminal secondary structure.
RNA-protein binding studies were performed with BHK S100 cytoplasmic extracts and in vitro-synthesized
WNV (2)3*SL RNA as the probe. Three RNA-protein complexes (complexes 1, 2, and 3) were detected by a gel
mobility shift assay, and the specificity of the RNA-protein interactions was confirmed by gel mobility shift and
UV-induced cross-linking competition assays. Four BHK cell proteins with molecular masses of 108, 60, 50, and
42 kDa were detected by UV-induced cross-linking to the WNV (2)3*SL RNA. A preliminary mapping study
indicated that all four proteins bound to the first 75 nucleotides of the WNV 3* minus-strand RNA, the region
that contains the terminal SL. A flavivirus resistance phenotype was previously shown to be inherited in mice
as a single, autosomal dominant allele. The efficiencies of infection of resistant cells and susceptible cells are
similar, but resistant cells (C3H/RV) produce less genomic RNA than congenic, susceptible cells (C3H/He).
Three RNA-protein complexes and four UV-induced cross-linked cell proteins with mobilities identical to those
detected in BHK cell extracts with the WNV (2)3*SL RNA were found in both C3H/RV and C3H/He cell
extracts. However, the half-life of the C3H/RV complex 1 was three times longer than that of the C3H/He
complex 1. It is possible that the increased binding activity of one of the resistant cell proteins for the flavivirus
minus-strand RNA could result in a reduced synthesis of plus-strand RNA as observed with the flavivirus
resistance phenotype.

Flaviviruses are single-stranded RNA viruses with positive-
polarity RNA genomes of approximately 11 kb (44). The ge-
nome contains a single, long open reading frame. The encoded
polyprotein is translated and co- and posttranslationally pro-
cessed by viral and cellular proteases into three structural
(capsid, membrane, and envelope) proteins and seven non-
structural (NS1, NS2a, NS2b, NS3, NS4a, NS4b, and NS5)
proteins (13). The functions of the seven nonstructural pro-
teins are not well understood. Upon infection, the plus-strand
genomic RNA is transcribed into a complementary minus-
strand RNA, which in turn serves as the template for the
transcription of plus-strand genomic RNA. During the flavivi-
rus replication cycle, the synthesis of plus- and minus-strand
RNAs is disproportionate; about 10 to 100 times more plus-
strand RNA than minus-strand RNA is produced (52).
The terminal 59 and 39 noncoding regions (NCRs) of the

West Nile virus (WNV) genome RNA are 96 and 580 nucle-
otides (nt) long, respectively (13). Previous studies have indi-
cated that the 39 and 59-terminal nucleotides of the flavivirus
genome can form conserved stem-loop (SL) structures (10, 11,
13). The SL structure formed by the 39-terminal nucleotides is
more stable than the structure formed by the 59-terminal nu-
cleotides. The conservation of terminal structures and short
sequence elements within these structures among divergent
flaviviruses suggests that they may function as cis-acting signals

for the initiation of viral RNA replication or translation. Par-
tial or complete deletion of the sequences forming the terminal
structures has been shown to be lethal for infectious flavivirus
clones (12, 32).
The results of an analysis of the components of purified viral

replication complexes of several RNA viruses have suggested
that host factors are functional components of their replicase
complexes. In studies with Qb phage, three host proteins and
one viral protein were found in the viral replication complex
(33), while one host protein and two viral proteins were found
in purified cucumber mosaic virus replication complexes (22).
A host protein was also detected in purified Sindbis virus
replication complexes (3). It was recently reported that polio-
virus preinitiation RNA replication complexes formed in an in
vitro replication system require soluble cellular factors for the
synthesis of VPg-linked viral RNA (2).
Specific binding of host cell proteins to regions within the 39

and 59 NCRs of a number of animal RNA virus genomes has
been reported. Three cytoplasmic proteins have been shown to
bind to the 39 SL structures of the rubella virus genome RNA
(37, 38). Only one of these proteins and two additional pro-
teins bind specifically to the 39 end of the rubella virus minus-
strand RNA (37). Cell proteins have also been shown to bind
specifically to the 39 ends of mouse hepatitis virus minus-strand
RNA (16), Sindbis virus minus-strand RNA (39, 40), measles
virus plus-strand RNA (34), and poliovirus and rhinovirus
genomic RNAs (26, 54). For both rubella virus and mouse
hepatitis virus, it has been reported that different cellular pro-
teins bind to the 39 end of the minus-strand RNA and to the
complementary 59 end of the plus-strand RNA (16, 43). We
have recently reported that three BHK cell proteins (105, 84,
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and 56 kDa) bind specifically to the 39 SL structures of WNV
and dengue type 3 virus genomic RNAs (5, 5a).
Flavivirus-resistant mice were first reported in the early

1920s, whenWebster (57) demonstrated that individuals within
a stock of randomly bred mice varied greatly in their suscep-
tibility to louping ill virus. Resistance to flavivirus-induced
morbidity and mortality was subsequently shown to be inher-
ited as a single dominant allele (36, 58). This gene, now des-
ignated Flv, has been mapped to murine chromosome 5 (47).
The flavivirus resistance gene has been identified not only in
laboratory mice but also in populations of wild mice in both the
United States (15a) and Australia (46). Resistant mice are
susceptible to flavivirus infection, but the yield of virus from
resistant animals, as well as from cultured cells obtained from
them, is significantly lower than that from susceptible animals
or cells (17). The spread of infection in resistant mice is slower,
which allows the host immune response to efficiently clear the
infection (15a, 17). Although factors such as the age of the
host, the degree of virulence of the infecting flavivirus, the
route of infection, and immunosuppression can result in a
lethal infection in resistant mice (8, 45), the minimal lethal
dose of virus required for resistant mice is always 10 to 100
times higher than that for susceptible mice, the day of death for
resistant mice is delayed by 3 or more days, and the brain virus
titers for resistant mice are always 1,000 to 10,000-fold lower
than those for susceptible mice (15a, 17, 21, 56a). Virus yields
from cell cultures of the resistant and susceptible cells differ by
100- to 1,000-fold (7, 15). The tissue from which cell cultures
are prepared does not appear to be important, since brain,
kidney, macrophage, and embryo fibroblast cultures from re-
sistant animals all produced reduced flavivirus yields (56).
Congenic strains of homozygous resistant (C3H/RV) and sus-
ceptible (C3H/He) mice have been developed (19), and trans-
formed lines of embryo fibroblasts have been established (15).
Comparison of the various stages of the flavivirus replication
cycle in resistant C3H/RV and susceptible C3H/He cells showed
that the synthesis of progeny genome RNA (plus strand), but not
replicative-form/replicative-intermediate RNA, was specifically
limited in resistant cells (6, 7). In addition, deleted viral RNAs
with homologous interfering activity are preferentially ampli-
fied by resistant cells (7, 48). These data suggest that the
flavivirus resistance gene product acts intracellularly at the
level of viral RNA synthesis.
In this study, we confirm the existence of an SL structure at

the 39 end of the WNV minus-strand RNA and identify four
proteins that interact specifically with this RNA in BHK, C3H/
He, and C3H/RV cell extracts. Comparison of RNA-protein
complexes from flavivirus-resistant and -susceptible cells
showed that the half-life of complex 1 from resistant cells is
three times longer than the half-life of the complex 1 from
susceptible cells.

MATERIALS AND METHODS

Cells and virus. BHK-21/WI2 cells (referred to hereafter as BHK cells) (55),
C3H/He and C3H/RV cell lines (15) were used to prepare infected and unin-
fected cytoplasmic extracts. The C3H/He and C3H/RV cell lines were derived
from congenic flavivirus-susceptible and -resistant mouse strains, respectively, as
described previously (15). To prepare infected extracts, confluent BHK mono-
layers were infected with WNV strain E101 at a multiplicity of infection of 1 as
described previously (11). Infected-cell extracts were harvested 24 h after infec-
tion as described below.
Preparation of cell extracts. Cell extracts were prepared as described previ-

ously (5) with some modifications. Briefly, cells were grown to confluency in
T-150 tissue culture flasks. The monolayers were washed three times with cold
phosphate-buffered saline (PBS), scraped from the flask with a rubber police-
man, and pelleted by centrifugation at 160 3 g for 4 min at 48C. The cell pellets
were washed twice with cold PBS and repelleted. The cell pellets were resus-
pended in cytolysis buffer (10 mM N-2-hydroxyethylpiperazine-N9-2-ethanesul-

fonic acid [HEPES] [pH 7.9], 5 mM dithiothreitol, 10 mM NaCl, 0.1 mM phen-
ylmethylsulfonyl fluoride, 10 mg of leupeptin [Boehringer Mannheim
Biochemicals] per ml, 1% Triton X-100, 20% glycerol) at 5.0 3 107 cells per ml,
vortexed for 15 s, and allowed to sit on ice for 15 min. The cell lysates were
centrifuged at 2,000 3 g for 4 min at 48C to remove the nuclei, and the super-
natant was then centrifuged at 100,000 3 g for 45 min at 48C. The resulting
supernatant (S100) was concentrated, and the buffer was exchanged with storage
buffer (20 mM HEPES [pH 7.5], 100 mM NaCl, 2 mM MgCl2, 5 mM dithio-
threitol, 50% glycerol) in a Centricon-30 microconcentrator as described by the
manufacturer (Amicon). The total protein concentration of each extract was
determined with the bicinchoninic acid assay (Pierce). Protein concentrations
ranged from 1 to 3 mg/ml. Cell extracts were stable for 2 weeks at 2208C.
Construction of plasmids. Virion RNA was isolated and gradient purified as

described previously (6). The complete 96-nt 59 NCR and the first 261 nt of the
adjacent capsid gene were amplified from purified WNV genome RNA via
reverse transcription-PCR using the anti-genomic-sense primer 1 (59-CTAGTT
CTTTCTTGAAACTC-39), located between genome nt 367 to 348, and the
genomic-sense primer 2 (59-GAGTAGTTCGCCTGTTGAG-39), located from
nt 1 to 18 at the 59 end of the WNV genomic RNA. The PCR product was
directly cloned into the pCR1000 plasmid (Invitrogen) via the TA cloning
method to generate plasmid p59NCR-C. From the p59NCR-C clone, two sub-
clones, p75nt(2)39 and p96nt(2)39, were constructed via PCR amplification
using a genomic-sense primer identical to primer 2, except that it contained a 59
tail with a HindIII site, and one of two forward primers (negative-sense primers,
from nt 54 to 75 or from nt 96 to 75), each with a tail containing an ApaI
restriction site. The PCR products were digested with ApaI and HindIII and
cloned into a similarly digested pCR1000 vector. pCR1000 was chosen as the
vector because the ApaI site in this vector is positioned adjacent to the T7
promoter, thus minimizing the number of additional nonviral nucleotides on the
59 end of the minus-strand RNA transcribed from this template. The subclone,
p320nt(2)39, was generated by a similar PCR protocol using a primer identical
to primer 2, except that it contains an EcoRI site on the 59 end and primer 3
(negative-sense primer, from nt 207 to 320) with a HindIII site on the 59 end.
pGEM3 (Promega) was used as the vector for this construct because an ApaI
cutting site was present within the p320nt(2)39 sequence. The constructs were
transfected into strain DH5a of Escherichia coli, and colonies were selected and
sequenced to ensure that no mutation had occurred during the subcloning
procedures. Plasmid DNA was purified from E. coli DH5a with a plasmid
purification kit (Qiagen) and analyzed on agarose gels prior to use as templates
for RNA transcription.
In vitro transcription of 32P-labeled RNA probes. Purified p75nt(2)39,

p96nt(2)39, and p350nt(2)39 DNAs were linearized with HindIII and then
transcribed with T7 RNA polymerase to yield WNV 75nt(2)39SL, WNV
96nt(2)39SL, andWNV 350nt(2)39SL RNA, respectively. The in vitro transcrip-
tion reaction mixture (20 ml) was incubated at 378C for 1 h and contained 40 mM
Tris-HCl (pH 7.9), 6 mM MgCl2, 10 mM NaCl, 2 mM spermidine, 10 mM
dithiothreitol, 0.5 mM ribonucleotides (ATP, CTP, and GTP; Boehringer Mann-
heim Biochemicals), 12 mM UTP, 50 mCi of [a-32P]UTP (3,000 Ci/mmol; Am-
ersham), 80 U of T7 RNA polymerase (Ambion), 1 mg of DNA template, and 20
U of RNasin (Boehringer Mannheim Biochemicals). After ethanol precipitation,
the 32P-labeled RNAs were resuspended in 10 ml of loading buffer (7 M urea and
0.025% bromophenol blue) and electrophoresed on an 8% polyacrylamide gel
containing 7 M urea. The gel was autoradiographed, and the RNA was eluted
from excised gel slices overnight at room temperature in a solution containing 0.5
M ammonium acetate, 0.5% sodium dodecyl sulfate (SDS), and 1 mM EDTA.
The eluted RNA was filtered through a 0.45-mm-pore-size cellulose acetate filter
unit (Costar Co.) to remove gel pieces, extracted with phenol-chloroform, ali-
quoted, precipitated with ethanol, and stored at 2708C.
In vitro synthesis of unlabeled RNA competitors. Two of the unlabeled com-

petitor RNAs were transcribed in vitro in a 100-ml reaction mixture containing 80
mM HEPES (pH 7.5), 14 mM MgCl2, 2 mM spermidine, 10 mM dithiothreitol,
750 mmol of ribonucleotides (ATP, GTP, CTP, and UTP), 100 U of RNasin, 5 mg
of DNA template, and 100 U of T7 RNA polymerase at 378C for 2.5 h. The RNA
transcripts were electrophoresed on denaturing 8% polyacrylamide gels. The
unlabeled RNA bands were located following autoradiography by comparison to
a few lanes containing the same RNA labeled with [32P]UTP. The unlabeled
RNAs were eluted from the gel slices as described above.
Four different nonspecific RNAs were used. Plasmid pCR1000 was linearized

with EcoRI and transcribed to yield a 92-nt RNA which contains the cloning
cassette of this vector. D10 RNA was synthesized in vitro from a 90-bp PCR
product that contains the T7 promoter sequence followed by the 67-bp template
for the U1 stem II and D10 epitope as described elsewhere (4). The plasmid used
for D10 RNA synthesis was a kind gift from J. Keene (Duke University, Durham,
N.C.). D10 RNA, yeast tRNA (Gibco BRL Life Technologies), and pCR1000
RNA were chosen because they contain an SL structure and are similar in length
to or shorter than the WNV 96nt(2)39SL RNA. Poly(I)-poly(C) was obtained
from Boehringer Mannheim Biochemicals.
RNase structure probing. Purified WNV 75nt(2)39SL RNA was treated with

calf intestinal alkaline phosphatase (Boehringer Mannheim Biochemicals) to
remove the 59 phosphate and ethanol precipitated. The dephosphorylated RNA
was 59 end labeled by incubation with [g-32P]ATP (3,000 Ci/mmol; Amersham)
and T4 polynucleotide kinase (Promega) at 378C for 10 min as described by the
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manufacturer and then repurified on an 8% denaturing gel and eluted as de-
scribed above. The labeled RNA was precipitated with ethanol using tRNA (10
mg) as a coprecipitate and stored at2808C. RNase probing was performed by the
method of Knapp (29) with modifications. Briefly, the 59-end 32P-labeled RNA
was pelleted, washed with 70% ethanol, dried in a Speed-vac, and dissolved in
RNA renaturing buffer (20 mM HEPES [pH 7.6], 200 mM NaCl, 1 mM dithio-
threitol, 10 mM MgCl2). The RNA was quantitated by measuring radioactivity
with a scintillation counter (model LS6500; Beckman) in Ready Solv HP fluid
(Beckman). For each experiment, RNA concentrations were adjusted to 5 3 104

cpm of RNA per 20 ml of renaturing buffer. The RNA was renatured by incu-
bation at 858C for 2 min, slowly cooled to room temperature, and placed in an ice
bath. Prior to RNase digestion, 0.15 mg of tRNA per ml was added and the RNA
sample was aliquoted at 2 ml per tube. The double-strand-specific RNase cobra
venom nuclease V1 (RNase V1) (8.75 3 1023, 1.75 3 1022, or 3.5 3 1022 U/ml;
Pharmacia) or one of three single-strand-specific RNases, RNase A (1.25 3
1023, 2.5 3 1022, or 5 3 1021 mg/ml; Boehringer Mannheim Biochemicals),
RNase T1 (2.5 3 1022, 5 3 1022, or 1021 mg/ml; Boehringer Mannheim Bio-
chemicals), or RNase PhyM (0.25, 0.5, or 1 U/ml; Pharmacia), was added to the
RNA at the concentrations indicated. The reaction mixtures were incubated in
an ice bath for 20 min or at room temperature for 16 min, and then 2 ml of
sample buffer (10 M urea, 10% glycerol, 0.05% xylene cyanol, 0.05% bromophe-
nol blue) was added. All digested RNA samples were analyzed on 10% poly-
acrylamide sequencing gels.
An alkaline hydrolysis ladder was generated as previously described (29).

Briefly, WNV 75nt(2)39SL RNA (104 cpm) was dissolved in 4 ml of hydrolysis
buffer (50 mM NaHCO3-Na2CO3 [pH 9.2]), 1 mg of tRNA per ml was added, and
the RNA was incubated at 908C for 6 min and immediately placed in an ice-slurry
bath. RNA sequencing reactions were performed by incubating 7 3 103 cpm of
RNA in 4 ml of sequencing buffer (20 mM sodium citrate [pH 5.0], 1 mM EDTA,
7 M urea, 0.025% xylene cyanol, 0.025% bromophenol blue, and 1 mg of tRNA
per ml) with 0.01 U of RNase T1 per ml, 0.1 U of RNase U2 per ml, or 2.53 1024

U of RNase A per ml. The reactions were terminated by placing them in an ice
bath and were immediately loaded onto a sequencing gel.
CD spectroscopy. The circular dichroism (CD) spectrum of the WNV

75nt(2)39SL RNA was measured with a Jasco-J710 spectropolarimeter,
equipped with a programmable Neslab temperature controller as previously
described (61). Cylindrical cuvettes with a path length of 1 cm were used. Spectra
were recorded from 350 to 200 nm and averaged over five scans. RNA samples
were prepared in a buffer consisting of 5 mM Na2HPO4 (pH 7.0), 0.1 mM
EDTA, and 100 mM NaCl.
Thermal melting curves. Absorbance-versus-temperature melting curves of

the WNV 75nt(2)39SL RNA were measured at 260 nm with a heating rate of
0.58C min21 on a Cary 4 spectrometer as described previously (28). RNA sam-
ples were prepared in the same buffer as described for CD spectroscopy. The
derivatives of the melting curves were taken with a five-point parabolic fit with
binomial weighing at each temperature.
Gel mobility shift assay of RNA-protein interactions. Uniformly labeled RNA

probe (5,000 cpm, approximately 0.3 ng), 1 mg of S100 cytoplasmic extract, and
7 mg of poly(I)-poly(C) in a final volume of 10 ml of binding buffer (5 mM
HEPES [pH 7.5], 25 mM KCl, 2 mM MgCl2, 0.1 mM EDTA, 2 mM dithiothre-
itol, 3.8% glycerol) were incubated at 308C for 10 min. The RNA probes were
renatured in binding buffer as described above prior to use in these assays. For
gel shift competition experiments, various amounts of unlabeled RNA were
added to the binding reaction mixture either simultaneously with or at various
times after the 32P-labeled probe. The reaction mixture was then electropho-
resed on a 6.5% nondenaturing polyacrylamide gel made in 0.53 Tris-borate-
EDTA containing 2.5% glycerol. The polyacrylamide gel was prerun at 120 V for
15 min, and electrophoresis was performed at 120 V at room temperature. The
gel was dried and autoradiographed. The densities of the RNA-protein complex
bands were quantitated with a densitometer (Molecular Dynamics) in some
experiments.
UV-induced cross-linking of RNA-protein complexes. A 32P-labeled RNA

(10,000 cpm) probe was incubated with 2 mg of S100 cell extract and 12 mg of
poly(I)-poly(C) in a final volume of 20 ml of binding buffer at 308C for 10 min and
then irradiated with a 254-nm-wavelength UV lamp (Ultra-violet Products, Inc.)
held 3 cm from the light source on ice for 30 min (38). After irradiation, the
samples were incubated with RNase T1 (20 U) and RNase A (20 mg) for 12 min
at room temperature, boiled for 3 min in Laemmli sample buffer (28), and
electrophoresed on an SDS–10% polyacrylamide gel.
Preparation of figures. All figures containing data obtained by autoradiogra-

phy were generated by computer imaging, using Adobe Photoshop, version 2.5,
after the X-ray films were scanned with an Agfa Arcus 2 flatbed scanner.

RESULTS

RNase structure probing of the WNV (2)3*SL RNA. It was
previously reported on the basis of thermodynamic folding
predictions that a conserved terminal SL structure could be
formed by the WNV 59 NCR. This structure was conserved
among flavivirus genomic RNAs, even though their sequences

diverged significantly (10). A corresponding SL structure can
be formed by the minus-strand 39 RNA, which is complemen-
tary to the plus-strand 59 NCR sequence. The predicted ter-
minal SL structure is formed by nt 4 to 74 of the WNV 39
minus-strand RNA. To test whether the predicted secondary
structure exists, the WNV 75nt(2)39SL RNA was subjected to
RNase structure probing analysis. In vitro-transcribed, 59-end-
labeled WNV 75nt(2)39SL RNA was subjected to limited di-
gestion under native conditions with either a double-strand-
specific RNase (V1) or one of three single-strand-specific
RNases (A, T1, or PhyM) as described in Materials and Meth-
ods, and the digestion products were analyzed on a 10% poly-
acrylamide sequencing gel. An autoradiograph of a represen-
tative experiment is shown in Fig. 1A, and a summary of the
RNase cleavage data obtained from the experiments per-
formed is presented in Fig. 1B. Both weak and strong RNase
cleavages are indicated on the thermodynamically predicted
SL structure. RNases A and PhyM strongly digested nt 30 to
35. Nucleotides 24 to 27 and 38 to 42 were strongly cleaved by
RNase V1, while RNase V1 weakly cleaved nt 23 and 37. These
results support the existence of the predicted SL at the top of
the structure (Fig. 1B). The observed RNase A cleavage at nt
13 to 19 and nt 21 and 22 and the RNase A, PhyM, or T1
cleavages at nt 43 to 44 and 47 to 62 suggest that the predicted
base pairing in the middle of the structure does not exist.
Instead, the regions consisting of nt 13 to 22 and 43 to 62 form
a large internal loop. The region consisting of nt 65 to 67 and
nt 11 and 12 was sensitive to digestion by RNase V1. G-A base
pairs have been reported in both RNA and DNA structures
(18, 23, 53, 60). Potential G-A base pairs could be formed
between the A’s at positions 12 and 67 and the G’s at positions
65 and 11, respectively. Also, purine stacking is possible be-
tween the G’s at positions 64 and 65 and at positions 10 and 11.
RNase V1 cleavage of nt 5 to 10 and 68 to 74 indicates the
existence of the predicted bottom stem region (Fig. 1B).
CD and thermal melting spectroscopic analysis of WNV

(2)3*SL RNA. The conformation and thermostability of the
WNV 75nt(2)39SL RNA were further analyzed by CD and
thermal melting spectroscopy. The CD spectra indicated the
presence of a highly structured RNA conformation with a
significant amount of A-form helix. At temperatures above
908C, the CD spectra were typical of an unstructured single-
stranded RNA (data not shown).
To obtain thermal transitions of the WNV 75nt(2)39SL

RNA, we carried out a series of thermal melting studies and a
reversible, complex UV-visible melting curve with significant
hyperchromicity was obtained. As illustrated in Fig. 2A, broad
low-temperature transitions were followed by a sharper high-
temperature transition. The derivative curve (Fig. 2B) of the
same experiment as shown in Fig. 2A indicated that there were
two partially resolved overlapping transitions with peaks at
around 36 and 478C and a high-temperature transition at 838C.
Both the CD and thermal melting data indicate that the WNV
75nt(2)39SL RNA contains a highly ordered structure with a
significant level of A-form helix.
BHK cell proteins that bind to the WNV (2)3*SL RNA. Gel

mobility shift assays were performed to detect proteins that can
interact specifically with the 39 NCR of WNV genomic RNA.
32P-labeled WNV 96nt(2)39SL RNA was incubated with ei-
ther a WNV-infected or uninfected BHK S100 cytoplasmic
extract, and the resulting RNA-protein complexes were elec-
trophoresed on a native polyacrylamide gel. Poly(I)-poly(C) (7
mg) was added to the binding reaction mixture to reduce non-
specific RNA-protein interactions. An extra band was often
observed in the free probe lane on nondenaturing mobility
shift gels. Only a single species of the RNA was detected on a
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polyacrylamide gel containing 7 M urea and on a nondenatur-
ing gel after heating and cooling the RNA under dilute con-
ditions (data not shown). These data suggest that the RNA in
this band is most likely a multimer or a different conformer of
the probe (Fig. 3). The RNA in the multimer band does not
participate in the formation of RNA-protein complexes, since
the density of this band did not decrease upon the addition of
cell extract. With uninfected BHK cell extracts, three RNA-
protein complexes (complexes 1, 2, and 3) were detected (Fig.
3, lane U). Three complexes with electrophoretic mobilities
identical to those detected in uninfected extracts were ob-
served when WNV-infected BHK cell extracts were incubated
with the WNV 96nt(2)39SL RNA (Fig. 3, lane I). Preliminary
results from both probe titration and complex dissociation rate
experiments also indicated that there were no differences be-
tween the proteins obtained from infected and uninfected cells

(data not shown). These results suggest that only cellular pro-
teins are involved in the formation of the three complexes that
were detected by this assay. Thus, uninfected-cell extracts were
used in the majority of the subsequent experiments.
Specificity of the RNA-protein interactions. Gel mobility

shift competition assays were performed with unlabeled spe-
cific competitor or with one of four nonspecific competitors.
When increasing amounts of the unlabeled specific competitor
(25, 50, 75, 100, 150, 200, 250, or 300 ng) were added to the
binding reaction mixtures, decreasing amounts of each of the
RNA-protein complexes were observed (Fig. 4A, lanes 3 to
10). When either 300 or 600 ng of one of the nonspecific
competitors, plasmid RNA, D10 RNA, tRNA, or poly(I)-
poly(C), was added to the binding reaction mixture, essentially
no competition with complex formation was detected with any
of the nonspecific competitors (Fig. 4B), indicating that the

FIG. 1. RNase probing of the first 75 39-terminal nucleotides of the WNV minus-strand RNA. (A) 59 32P-labeled WNV 75nt(2)39SL RNA was digested under
native conditions with increasing amounts of one of three single-strand-specific RNases, RNase A, T1, or PhyM, or with the double-strand-specific RNase V1. The
cleavage products were separated on a 10% polyacrylamide sequencing gel. RNA sequencing reaction mixtures (data not shown) and alkaline hydrolysis ladders were
used as markers. Lanes OH, alkaline hydrolysis ladder; lane O, no nuclease treatment. The numbers to the left of the gel are the nucleotide positions. (B) Summary
of RNase cleavage data. Both strong and weak RNase cleavages are indicated on the computer-predicted secondary structure. The nucleotides are numbered from the
39 end of the minus-strand RNA. DS, double strand; SS, single strand.
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binding of the cellular proteins to the WNV 96nt(2)39SL RNA
was specific. Also, no competition in gel mobility shift assays
was observed when the terminal 96 nt of the WNV (1)39SL
RNA was used as a competitor (data not shown). Because of
the complementarity of the WNV (1)59SL RNA to the WNV
(2)39SL RNA, this RNA was not used as a competitor.

Determination of the molecular masses of the WNV
(2)3*SL RNA-binding proteins in BHK cytoplasmic extracts.
UV-induced cross-linking was performed with the labeled
WNV 96nt(2)39SL RNA as the probe. The RNA-protein com-
plexes were irradiated with UV light to covalently cross-link
the RNA to the proteins. Unbound regions of the probe RNA
were digested with RNases A and T1. The UV-induced cross-
linked proteins were electrophoresed on an SDS-polyacryl-
amide gel and were detected by autoradiography. Four pro-
teins of approximately 108, 60, 50, and 42 kDa were observed
(Fig. 5A, lane U). No 32P-labeled protein bands were detected
if the cell extract was excluded (Fig. 5A, lane C1) or if a
complete reaction mixture was not exposed to UV irradiation
(Fig. 5A, lane C2).
Although three RNA-protein complexes with identical mo-

bilities were detected with both uninfected- and infected-cell
extracts, it is possible that different protein components in-
volved in the complexes from infected and uninfected cells. To
rule out this possibility, UV-induced cross-linking assays were
carried out with WNV-infected cell extracts. Four cellular pro-
teins with identical molecular masses were detected with either
uninfected- or infected-cell extracts (Fig. 5B, lanes U and I).
This result further supports the hypothesis that the proteins
involved in the formation of the three detected RNA-protein
complexes are cellular and not viral proteins.
To further demonstrate the specificity of these RNA-protein

interactions, competition UV-induced cross-linking experi-
ments were performed. Complex formation with the 60-, 50-,
and 42-kDa proteins was inhibited by small amounts of specific
competitor but not by substantially larger amounts of two non-
specific competitors (Fig. 5C). A larger amount of specific
competitor (1.2 mg) was required to observe competition with
the 108-kDa protein. At the same concentration, the plasmid

FIG. 2. Thermal melting spectra of the WNV 75nt(2)39SL RNA. (A) Ther-
mal melting curve of the WNV 75nt(2)39SL RNA. (B) Derivative curve of the
thermal melting curve of the WNV 75nt(2)39SL RNA. Three transitions are
easily visible in the derivative plot.

FIG. 3. Comparison of RNA-protein complexes formed between the 39-ter-
minal region of the WNV minus-strand RNA and proteins in S100 extracts from
WNV-infected or uninfected BHK cells. Infected BHK cell extracts were har-
vested 20 h after infection with WNV at a multiplicity of infection of 1. 32P-
labeled WNV 96nt(2)39SL RNA was incubated with cell extract for 10 min at
308C. The binding reaction mixtures were then analyzed on a 6.5% nondenatur-
ing polyacrylamide gel. Lane U, uninfected BHK cells; lane I, infected BHK
cells; unlabeled lane, free probe.

FIG. 4. Gel mobility shift competition assay of the RNA-protein complexes
formed with the 39-terminal region of the WNV minus-strand RNA. 32P-labeled
WNV 96nt(2)39SL RNA was incubated with an uninfected BHK cell extract for
10 min at 308C in the presence or absence of various amounts of unlabeled
competitor RNAs. (A) Competition with unlabeled specific RNA competitor.
Lane 1, free probe; lane 2, no competitor; lanes 3 to 10, increasing amounts of
unlabeled specific RNA (25, 50, 75, 100, 150, 200, 250, and 300 ng, respectively)
were added to the binding reaction mixtures. (B) Competition with unlabeled
nonspecific RNA competitors. Lane 1, free probe; lane 2, no competitor; lanes 3
to 10, various unlabeled nonspecific RNAs [tRNA (lanes 3 and 4), D10 RNA
(lanes 5 and 6), poly(I)-poly(C) (lanes 7 and 8), and plasmid RNA (lanes 9 and
10)] at 300 or 600 ng, respectively, were added to the binding reaction mixture as
indicated.

6282 SHI ET AL. J. VIROL.



RNA gave no competition, but some competition was observed
with the tRNA. We reported previously that unlabeled WNV
(2)39SL RNA inhibited the formation of complexes between
the 105-kDa protein and the WNV (1)39SL RNA probe ap-
proximately 4.5 times more efficiently than did unlabeled
WNV (1)39SL RNA (5). Both the previous and the present
results appear to indicate that the p105/108 protein binds to
the WNV (2)39SL RNA with a high affinity. However, further
data are required to confirm this hypothesis. Unfortunately,
the UV-induced cross-linking assay is not sensitive enough for
use in measuring protein binding affinities, especially when the
protein is present in a crude cytoplasmic extract. Therefore,
further analysis of the binding characteristics of this protein
will have to be postponed until the protein has been purified.
Detection of cellular proteins that bind to the WNV (1)5*SL

RNA. The sequence of the 59 NCR of the genomic RNA is
complementary to that of the minus-strand 39 NCR RNA, and
both sequences can form similar SL structures. To determine
whether cell proteins also bind to the WNV (1)59SL RNA,
UV-induced cross-linking was carried out using the WNV
96nt(1)59SL RNA as the probe. Four cellular proteins (69, 45,
40, and 38 kDa) were detected (Fig. 5D). The molecular
masses of these four proteins were different from those of the
four proteins detected with the complementary WNV (2)39SL
RNA. As a control, 32P-labeled plasmid RNA was used as the
probe in a UV-induced cross-linking experiment performed
under the same conditions, and no cross-linked proteins were
detected with this RNA (data not shown).
Preliminary mapping of the protein binding sites on the

WNV (2)3*SL RNA. The RNA probe used in the previous
UV-induced cross-linking experiments contained the entire 39
NCR (96 nt) of the minus-strand 39 RNA. Since the terminal
SL structure is formed by the first 75 nt of the 39 minus strand,
it is possible that this region of the RNA contains all the
sequence and/or structural elements necessary to bind the four
cellular proteins detected with the WNV 96nt(2)39SL RNA.
To test this possibility, UV-induced cross-linking was per-

formed with the WNV 75nt(2)39SL RNA as the probe (Fig. 6,
lane 3). The same four cellular proteins were detected with the
WNV 96nt(2)39SL and the 75nt(2)39SL RNAs (Fig. 6, lanes
2 and 3, respectively), indicating that the binding sites for the
four proteins are located within the 39-terminal 75 nt of the
minus-strand RNA.
To determine whether additional 59 sequence would affect

the binding of the four proteins to the terminal SL, a WNV
320nt(2)39SL RNA, which contains the complete 39 NCR and
the adjacent 59 portion of the capsid gene, was used as the
probe in a UV-induced cross-linking assay. The same four
cellular proteins were cross-linked to the WNV 320nt(2)39SL
RNA (Fig. 6, lane 1) as to the two shorter probes. In order to
obtain sharp bands after UV-induced cross-linking, 3.5 times
more RNase was required for the WNV 320nt(2)39SL RNA
than for the 96nt(2)39SL RNA probe. Even so, RNase-resis-
tant RNA fragments were still present at the bottom of the gel.

FIG. 5. Detection of proteins in S100 BHK cell extracts that bind to the WNV (2)39SL RNA or to the WNV (1)59SL RNA. 32P-labeled WNV 96nt(2)39SL RNA
or 96nt(1)59SL RNA was incubated with BHK cell extracts and then subjected to UV-induced cross-linking. The samples were then digested with an RNase cocktail
(RNases A and T1) and analyzed by SDS-polyacrylamide gel electrophoresis. (A) UV cross-linking of WNV 96nt(2)39SL RNA with uninfected BHK cell extracts. Four
cellular proteins (42, 50, 60, and 108 kDa) were covalently cross-linked to the WNV 96nt(2)39SL RNA (lane 1). No 32P-labeled bands were detected in a reaction
mixture without cell extract (lane C1) or in a reaction mixture containing cell extract but with no UV irradiation (lane C2). (B) Comparison of UV-induced cross-linking
of WNV 96nt(2)39SL RNA with either uninfected (lane U) or WNV-infected (lane I) BHK cell extracts. Four cellular proteins with similar mobilities were covalently
cross-linked to the WNV 96nt(2)39SL RNA. (C) Analysis of the specificity of proteins detected by UV-induced cross-linking. UV-induced cross-linking competition
assays were performed in the presence of increasing amounts of the competitor RNAs (from left to right as indicated by the triangles above the lanes): WNV(2)39SL
RNA, 25 and 75 ng; tRNA or plasmid RNA, 100 and 600 ng. Lane No CMP, no competitor RNA added; lane protease treated, protease treated-cytoplasmic extracts
were pretreated with proteinase K (2 mg/ml, 378C for 15 min) prior to use in the cross-linking assay. (D) UV-induced cross-linking of WNV 96nt(1)59SL RNA with
uninfected BHK cell extracts. Four proteins (69, 38, 40, and 45 kDa) with mobilities different from those observed with WNV 96nt(2)39SL RNA were detected. The
positions of molecular mass markers (in kilodaltons) are shown to the left of the gels. Cross-linked proteins are indicated by arrows.

FIG. 6. Comparison of proteins in S100 BHK cell extracts that bind to WNV
(2)39SL RNAs of different lengths. One of three 32P-labeled probes [WNV
320nt(2)39SL RNA (lane 1), WNV 96nt(2)39SL RNA (lane 2), and WNV
75nt(2)39SL RNA (lane 3)] was incubated with a BHK cell extract and then
subjected to UV-induced cross-linking. Four cellular proteins (arrows) migrating
in an identical pattern were covalently cross-linked to each of the minus-strand
39-terminal RNAs. The positions of molecular mass markers (in kilodaltons) are
shown to the left of the gel.
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The relative intensities of the protein bands decreased as the
length of the probe decreased, even though the amounts of
RNase (RNase T1 and A) used in the cross-linking experi-
ments were proportional to the lengths of the probes [three-
fourths of the amount of RNase was used for the digestion of
the UV-cross-linked WNV 75nt(2)39SL RNA compared with
the amount used for the UV-cross-linked WNV 96nt(2)39SL
RNA]. It is possible that cross-linked WNV 75nt(2)39SL RNA
is more accessible to RNase digestion than cross-linked WNV
96nt(2)39SL or 320nt(2)39SL RNA, resulting in shorter ribo-
nucleotide fragments with fewer labeled nucleotides remaining
attached to the cross-linked proteins. The additional 59 se-
quence could increase the stability of the 39SL by providing
tertiary interactions. A similar observation was recently re-
ported for the 39 plus-strand RNA of rhinovirus 14 (54).
Comparison of RNA-protein complex formation by C3H/RV

and C3H/He cell extracts. A single, dominant gene, designated
Flv, confers resistance to flavivirus-induced disease in mice (7,
15a, 45, 58). Resistance is specific to flaviviruses and occurs at
the level of genome RNA replication. We hypothesize that the
less efficient genome RNA replication observed in resistant
cells could be the result of a mutation in one of the host
proteins that binds to the (2)39SL RNA template during the
initiation of plus-strand RNA viral transcription. UV-induced
cross-linking was used to compare the cell proteins that bound
to the WNV 96nt(2)39SL RNA probe in flavivirus-resistant
(C3H/RV) and flavivirus-susceptible (C3H/He) murine cell ex-
tracts. Four cellular proteins with identical electrophoretic mo-
bilities were detected in both C3H/He and C3H/RV cell ex-
tracts (Fig. 7). The calculated molecular masses of the four
cross-linked proteins in both types of murine cells were also
the same as those detected by the WNV 96nt(2)39SL RNA in
BHK cell extracts (Fig. 5A). No significant differences in the
densities of any of the cross-linked cellular protein bands were
detected between the C3H/He and C3H/RV cell extracts (Fig.
7), indicating that the same relative amounts of the proteins
were present. However, the densities of all four protein bands
detected in both types of murine cells were consistently lower
than those of the bands detected in the BHK cells when the
same amount of total protein was utilized from each species in
UV-induced cross-linking experiments. This may be due to
lower levels of these proteins in the murine extracts, to differ-
ences in their binding activity resulting from sequence varia-
tion, or to differences in the levels or the binding activities of
competing cell factors. Interestingly, WNV has previously been

reported to replicate less efficiently in mouse cells than in
hamster cells (6).
The RNA-protein complexes formed by the C3H/He and

C3H/RV cell extracts were also compared. Three RNA-pro-
tein complexes with electrophoretic mobilities identical to
those detected with BHK cell extracts were observed with both
C3H/He and C3H/RV extracts. However, more of the complex
1 band was formed with C3H/RV extracts than with C3H/He
extracts (compare lane 0 in Fig. 8A with lane 0 in Fig. 8B). To

FIG. 7. Comparison of proteins binding to the WNV (2)39SL RNA in fla-
vivirus-resistant (C3H/RV) and susceptible (C3H/He) cell extracts. 32P-labeled
WNV 96nt(2)39SL RNA was cross-linked to proteins in C3H/RV and C3H/He
cell extracts. Four cellular proteins (arrows) with the same mobility patterns were
cross-linked with either resistant (lane RV) or susceptible (lane He) cell extracts.
The pattern of cellular proteins detected was the same as that observed with
BHK cell extracts. The positions of molecular mass markers (in kilodaltons) are
shown to the left of the gel.

FIG. 8. Comparison of the half-life of RNA-protein complexes formed with
resistant (C3H/RV) and susceptible (C3H/He) cell proteins. RNA-protein com-
plexes were formed by incubating the 32P-labeled WNV (2)39SL RNA with an
S100 extract from either C3H/RV or C3H/He cells. An excess of unlabeled WNV
(2)39SL RNA was then added. After the indicated periods of incubation, the
reaction mixtures were electrophoresed on 6.5% nondenaturing polyacrylamide
gels, and the RNA-protein complexes were quantitated with a PhosphorImager.
(A) Time course of C3H/He RNA-protein complex dissociation. (B) Time
course of C3H/RV RNA-protein complex dissociation. Lane M, free probe; lane
C, reaction mixture in which competitor and probe were added simultaneously.
(C) Dissociation kinetics of C3H/He and C3H/RV RNA-protein complexes. lg,
logarithm.
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further characterize differences in RNA-protein complex for-
mation between the C3H/He and C3H/RV extracts, the half-
life of each of the RNA-protein complexes was determined as
described by Pardigon and Strauss (39). RNA-protein com-
plexes were formed by incubating 32P-labeled 96nt(2)39SL
RNA with a cell extract for 10 min, and then an excess amount
of unlabeled specific competitor was added. After various pe-
riods of further incubation time (as indicated in Fig. 8) in the
presence of the unlabeled specific competitor (150 ng), the
RNA-protein complexes remaining were electrophoresed on a
native polyacrylamide gel and detected by autoradiography
(Fig. 8). When the same amount of unlabeled specific compet-
itor RNA (150 ng) was added to the cell extracts at the same
time as the 32P-labeled WNV 96nt(2)39SL probe, all of the
labeled complexes were eliminated (Fig. 8A, lane C, and Fig.
8B, lane C). The densities of the 32P-labeled complexes were
quantitated with a PhosphorImager and plotted against the
time that the preformed complexes were incubated with the
specific competitor (Fig. 8C). The half-life (t1/2) of a complex
is equal to the time required for the unlabeled specific com-
petitor to eliminate 50% of the 32P-labeled RNA-protein com-
plex. A dramatic difference in the t1/2 values of complex 1 from
the C3H/He and C3H/RV extracts was observed; the t1/2 values
for complex 1 were approximately 3.5 min when formed with
C3H/He extracts and 12 min when formed with C3H/RV ex-
tracts. The t1/2 of complex 3 formed with C3H/RV extracts is
1.5 times longer than the t1/2 of complex 3 formed with
C3H/He extracts. In contrast, similar t1/2 values were obtained
with both types of cell extracts for complex 2. These results
demonstrate that complex 1 and to a lesser degree complex 3
formed by C3H/He cell extracts dissociate faster than the com-
plexes 1 and 3 formed by C3H/RV cell extracts.

DISCUSSION

CD and thermal melting analyses indicated that the WNV
75nt(2)39SL RNA is highly structured with a significant
amount of A-form helix. The existence of a 39-terminal SL
structure in the WNV minus-strand RNA was further sup-
ported by the data obtained by RNase probing (Fig. 1). The
WNV (2)39SL RNA structure appears to contain a large in-
ternal loop. Data obtained with longer segments of the WNV
(2)39 RNA suggest that the terminal 39 structure may be
stabilized by tertiary interactions with downstream sequences.
Further studies are required before an accurate model for this
RNA structure can be drawn.
Cytoplasmic proteins from both hamster and mouse cells

were shown to bind specifically to the 39-terminal 75 nt of the
WNV minus-strand RNA. UV-induced cross-linking studies
showed that the molecular masses of the proteins detected in
all three cell extracts were 42, 50, 60, and 108 kDa. We have
previously demonstrated that three BHK cytoplasmic proteins
(56, 84, and 105 kDa) bind specifically to the 39-terminal SL
structures of the genomic RNAs of WNV, dengue type 3 virus,
yellow fever virus, and tick-borne encephalitis virus (5, 5a). In
addition, it was shown that the 105-kDa protein binds to both
the WNV (1)39SL RNA and the WNV (2)39SL RNA. In
competition assays, the WNV (2)39SL RNA inhibited the
formation of complexes between the 105-kDa protein and a
WNV (1)39SL RNA probe approximately 4.5 times more ef-
ficiently than did the WNV (1)39SL RNA (5). The 108-kDa
protein detected by UV-induced cross-linking with the WNV
(2)39SL RNA is likely to be the 105-kDa protein detected with
the WNV (1)39SL RNA. Similarly, in the rubella virus system,
one of the cell proteins binds to both the rubella plus- and
minus-strand 39SL RNAs (38). In flavivirus-infected cells, the

level of plus-strand RNA synthesis is 10 to 100 times greater
than that of minus-strand synthesis (14, 52). The different
efficiencies of RNA transcription from the flavivirus plus- and
minus-strand templates may in part be regulated through the
utilization of different sets of cell proteins for the initiation of
transcription from the two viral template RNAs. The 105-kDa
protein could provide a function that is required to initiate
both 39 ends, possibly a protein-protein interaction with the
viral polymerase or helicase. However, the precise functional
contributions of individual cell proteins to flavivirus RNA rep-
lication remain to be elucidated. The different RNA structures
present at the 39 ends of the flavivirus plus- and minus-strand
RNAs may also be involved in regulating the efficiency of RNA
synthesis.
None of the proteins which bind to the WNV (2)39SL RNA

were found to bind to the complementary WNV (1)59SL
RNA. Similarly, different sets of proteins were found to bind to
the 59 end of the plus-strand RNA and the 39 end of the
minus-strand RNA of both rubella virus and mouse hepatitis
virus (16, 38). This finding is not surprising, since the 59 end of
the genome is involved in translation initiation and possibly
also interactions with the capsid protein, while the 39 end of the
minus strand is involved in the initiation of plus-strand synthe-
sis. The localization of the binding regions for the four proteins
to the 39-terminal SL of the WNV minus strand suggests that
they may play a role in the initiation of plus-strand RNA
transcription. The gel shift and UV-induced cross-linking pat-
terns obtained with uninfected and WNV-infected cell extracts
were identical, suggesting that the initial interaction of the viral
template RNA may be with cellular proteins rather than viral
proteins. Interactions between cell proteins and the viral 39 SL
RNA may result in conformational changes in both the viral
RNA and the bound cell proteins. Such conformational
changes could be a prerequisite for recognition of the complex
by the viral polymerase.
Since flaviviruses can replicate efficiently in mammalian,

avian, insect, reptile, and amphibian hosts as well as in cell
cultures from these various hosts (8), it would be expected that
the domains in the cell proteins that bind to the 39-terminal
regions of the flavivirus RNAs would be highly conserved and
present in the cells of all species that are susceptible to flavi-
virus replication. To date, we have found that the four proteins
that bind to the WNV (2)39SL RNA are identical in size in
cells from two rodent species, the hamster and the mouse.
Studies are currently under way to determine whether cell
proteins that can bind to flavivirus 39 RNAs are also present in
other host species that are susceptible to flavivirus infection.
Analysis of the dissociation rates of the RNA-protein com-

plexes formed between cell proteins and the WNV minus-
strand 39 RNA indicated that complex 1 from the C3H/RV
cells had a t1/2 that was three times longer than that of the
complex 1 from C3H/He cells. No differences in t1/2s were
observed between any of the complexes formed by the WNV
plus-strand 39 RNA with extracts from resistant and suscepti-
ble cells (5a). The flavivirus genetic resistance phenotype has
been mapped to a single locus and has been shown to prefer-
entially decrease the synthesis of new plus-strand viral RNA in
the infected resistant cells. If one of the proteins that binds to
the flavivirus (2)39SL RNA is the product of the resistance
gene, then sequence differences between the resistant and sus-
ceptible allele products could result in the observed difference
in their binding affinities for the flavivirus (2)39SL RNA. Since
no differences were observed in the sizes of the four proteins
detected by the WNV (2)39SL RNA in C3H/RV and C3H/He
extracts (Fig. 7), sequence differences between the products of
the two alleles would likely be base substitutions or small
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deletions, insertions, or rearrangements. It would be expected
that proteins that are involved in the formation of a viral RNA
transcription initiation complex would bind to the 39 end of a
viral template RNA in a reversible manner. Therefore, the
effect of a mutation that increases the affinity of binding would
likely be to reduce the efficiency of progeny RNA transcription
initiation and possibly also to lower the rate of progression of
the polymerase complex. Pardigon and Strauss (40) previously
reported that a single-nucleotide deletion located near the 39
end of the Sindbis virus minus-strand RNA was lethal for the
virus. An RNA probe containing this deletion bound to the
same cell proteins as the wild-type probe. However, the t1/2 of
the RNA-protein complex formed with the mutant probe was
three times longer than that of the complex formed with the
wild-type probe. Thus, mutations in either the viral RNA or
one of the cell proteins that binds to the viral RNA may have
a significantly adverse effect on viral RNA synthesis. A study
has been initiated to further characterize the cell proteins that
bind to the WNV (2)39SL RNA as a means of testing the
hypothesis that one of these proteins is the product of the
flavivirus resistance gene.
Resistance at the intracellular level has also been demon-

strated for influenza virus (20, 25), mouse hepatitis virus (1,
59), and retroviruses (27). Both the mouse hepatitis virus re-
sistance gene and the influenza virus resistance gene,Mx, have
been shown to segregate independently of the flavivirus resis-
tance gene in C3H mice. The Mx gene, which confers resis-
tance to influenza A virus infection in both mice and cell
culture, is inherited as a single dominant gene (35), as is the
flavivirus resistance gene. However, expression of the influenza
A virus resistance gene product is induced by alpha interferon,
while expression of the flavivirus resistance gene product is not
(9, 24). The inducibility of the Mx protein by interferon facil-
itated the rapid cloning and sequencing of this gene (25, 49,
50). Although the product of the murine Mx gene has been
characterized for some time (50), the mechanism by which the
Mx protein specifically interferes with influenza virus replica-
tion is not yet understood. Initial experiments suggested that
the murine Mx1 protein acted to inhibit influenza virus at the
level of viral mRNA synthesis (30, 41, 42). One study showed
that the inhibitory effect of the Mx1 protein on influenza virus
replication could be overcome by overexpression of the three
influenza virus polymerase proteins, PB1, PB2, and PA, and to
a lesser extent by expression of the PB2 protein alone, suggest-
ing that the Mx1 protein interacts with a component of the
influenza virus polymerase complex (25a). It has been hypoth-
esized that the Mx1 protein may form a complex with PB2, thus
preventing PB2 from binding to the other polymerase compo-
nents or the template RNA. Alternatively, Mx1 may compete
with the PB2 protein for its normal site on the viral polymerase
complex (51). Intracellular resistance to influenza virus ap-
pears to be dependent on host factor interactions with viral
proteins, while the flavivirus resistance mechanism appears to
depend on host factor interactions with viral RNA.
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