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Using a self-replicating reporting replicon of West Nile (WN) virus, we performed a mutagenesis analysis to
define the structure and function of the 3�-terminal 6 nucleotides (nt) (5�-GGAUCUOH-3�) of the WN virus
genome in viral replication. We show that mutations of nucleotide sequence or base pair structure of any of the
3�-terminal 6 nt do not significantly affect viral translation, but exert discrete effects on RNA replication. (i)
The flavivirus-conserved terminal 3� U is optimal for WN virus replication. Replacement of the wild-type 3� U
with a purine A or G resulted in a substantial reduction in RNA replication, with a complete reversion to the
wild-type sequence. In contrast, replacement with a pyrimidine C resulted in a replication level similar to that
of the 3� A or G mutants, with only partial reversion. (ii) The flavivirus-conserved 3� penultimate C and two
upstream nucleotides (positions 78 and 79), which potentially base pair with the 3�-terminal CUOH, are
absolutely essential for viral replication. (iii) The base pair structures, but not the nucleotide sequences at the
3rd (U) and the 4th (A) positions, are critical for RNA replication. (iv) The nucleotide sequences of the 5th (G)
position and its base pair nucleotide (C) are essential for viral replication. (v) Neither the sequence nor the
base pair structure of the 6th nucleotide (G) is critical for WN virus replication. These results provide strong
functional evidence for the existence of the 3� flavivirus-conserved RNA structure, which may function as
contact sites for specific assembly of the replication complex or for efficient initiation of minus-sense RNA
synthesis.

West Nile (WN) virus is an emerging flavivirus that has
caused frequent epidemics since 1996 (51). WN virus is pri-
marily transmitted by mosquitoes among birds; humans and
other mammals are incidental hosts (8). Since its introduction
to the northeastern United States in 1999, WN virus has caused
significant human, equine, and avian disease in North Amer-
ica. Recent studies have shown that, besides natural transmis-
sion by mosquitoes, WN virus can also be transmitted in hu-
mans through blood transfusion (50), organ transplantation
(13), breast feeding (12), intrauterine exposure (10), and lab-
oratory-acquired infection (11). A number of approaches are
being pursued to develop a WN virus human vaccine (20, 25,
41, 52, 66, 69, 77) and an antiviral therapy (2, 22, 26, 40, 47, 57,
62).

WN virus belongs to the genus Flavivirus in the family Fla-
viviridae. Many flaviviruses are significant human pathogens,
including dengue (DEN) virus, yellow fever (YF) virus, St.
Louis encephalitis (SLE) virus, Japanese encephalitis (JE) vi-
rus, Murray Valley encephalitis (MVE) virus, the tick-borne
encephalitis (TBE) virus complex, and WN virus (8). Flavivirus
virions are spherical in shape, with a diameter of approximately
50 nm. The nucleocapsid, about 30 nm in diameter, consists of
capsid protein and genomic RNA and is surrounded by a lipid
bilayer in which the viral envelope and membrane proteins are
embedded (15). The virion contains a single plus-sense RNA
genome of approximately 11 kb in length, which consists of a 5�
untranslated region (UTR), a single long open reading frame,

and a 3� UTR (54). The flavivirus genome contains a 5� cap
followed by the conserved dinucleotide AG; the 3� end of the
genome terminates with the conserved dinucleotide CUOH (6,
7, 18, 29, 43, 44, 54, 71, 72). The 5� UTR and 3� UTR of the
genomic RNA are approximately 100 and 500 to 700 nucleo-
tides (nt) in length, respectively. The encoded polyprotein is
co- and posttranslationally processed by viral and cellular pro-
teases into three structural proteins (capsid [C], premembrane
[prM] or membrane [M], and envelope [E]) and seven non-
structural proteins (NS1, NS2a, NS2b, NS3, NS4a, NS4b, and
NS5) (15). The nonstructural proteins are primarily involved in
the replication of viral RNA, as components of a replication
complex. NS1 and its interaction with NS4a are required for
RNA replication (35, 37, 48). The hydrophobic NS2a was
shown to function during assembly and/or release of infectious
flavivirus particles (32, 38). NS2b forms a complex with NS3
and is a required cofactor for the serine protease function of
NS3 (3, 14, 16, 23). NS3 is a multifunctional protein that has
the activities of a serine protease, a 5�-RNA triphosphatase, a
nucleoside triphosphatase, and an RNA helicase (33, 70, 73).
The functions of the membrane-associated NS4a and NS4b are
not known. NS5 has the functions of an RNA-dependent RNA
polymerase (RdRp) (1, 24, 65) and a methyltransferase in-
volved in the methylation of the 5� RNA cap structure (31).
During flavivirus replication, a replication complex is formed
cotranslationally on the 3� UTR of the genomic RNA. The
plus-sense RNA is replicated into minus-sense RNA, which
remains base paired with the plus-sense RNA as a replicative
form (RF). The RF then serves as a recycling template for
asymmetric synthesis of more plus-sense RNA (36).

The 3�-terminal nucleotides of the flavivirus genomic RNA
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can form highly conserved secondary and tertiary structures (6,
7, 43, 53, 54, 58, 68). The conserved 3�-terminal structure as
well as some short conserved sequences within the 3� UTR of
the genomic RNA may function as cis-acting replication sig-
nals, to allow interaction with viral and possibly cellular pro-
teins during the initiation of minus-sense RNA synthesis. In
support of this hypothesis, deletions or mutations of the 3�
UTR abolish the replication of full-length genomic RNAs and
subgenomic replicons in DEN (19, 45, 46, 80), YF (5, 19, 46),
Kunjin (KUN) (27, 30), WN (39, 59, 60, 76), and TBE (44)
viruses. Host and viral proteins (including NS3 and NS5) were
reported to interact specifically with the 3� UTR of the flavi-
virus genome (4, 17, 21, 34, 64, 65).

RdRp activities of recombinant NS5 have been reported for
a number of flaviviruses. Recombinant NS5 of DEN-1 virus
exhibited a low RdRp activity when RNA templates represent-
ing the 3�-terminal 629 and 3,200 nt of the DEN-1 virus ge-
nome were used, as well as with a nonviral RNA template (65).
Recombinant NS5 of KUN virus could in vitro synthesize full-
length RNA from an RNA template of either specific KUN
virus replicon (9 kb) or a nonspecific Semliki Forest virus
replicon (8.3 kb) (24). Replication complexes purified from
DEN-2 virus-infected cells, as well as recombinant DEN-2
virus NS5, exhibited a template requirement for the interaction
between 5� and 3� ends of the DEN-2 virus subgenomic RNA
(1, 79). More recently, it was shown that recombinant NS5 of
DEN-2 virus had a strong preference for an RNA template
containing a flavivirus-conserved 3�-terminal U, whereas mu-
tation of the flavivirus-conserved 3� penultimate C did not
affect the template activity (49). In contrast, a study with KUN
virus replicon showed that mutations of the 3� penultimate C
are completely lethal for replication, whereas substitution of
the 3�-terminal U dramatically reduced viral RNA replication
(27). Despite the discrepancies between the findings of the
latter two studies, the results concordantly suggest that the
3�-terminal nucleotides of the flavivirus genome play a critical
role in viral replication.

In this report, we used a WN virus replicon containing a
Renilla luciferase reporter to define the requirement of se-
quence and base-pairing structure of the 3�-terminal 6 nt (5�-
GGAUCUOH-3�) of the genome in viral replication. Each of
the 3�-terminal 6 nt was mutated to all alternative nucleotides,
and, wherever possible, potential base pair structures were
restored in the context of mutant 3�-terminal sequences by
compensatory mutations. The mutational effects on viral trans-
lation and replication were examined by using the luciferase
signals. The results suggest that the individual nucleotide iden-
tity or the base pair structure of the 3�-terminal 6 nt does not
significantly regulate WN virus translation but discretely mod-
ulates RNA replication. The essential RNA elements identi-
fied in this study may function as recognition signals for effi-
cient and specific initiation of minus-sense RNA synthesis at
the 3� end of WN virus genomic RNA.

MATERIALS AND METHODS

Preparation of plasmids. Recombinant DNA and cloning procedures were
performed by standard methods (55), with modifications as previously described
(59, 60). A 196-bp DNA fragment designated as “HDVr” (for hepatitis delta
virus ribozyme) was fused to the exact 3� end of the original WN virus replicon
(Rep) and a Renilla luciferase-reporting replicon (RlucRep), resulting in Rep-

HDVr and RlucRep-HDVr, respectively (Fig. 1 and 2). The 196-bp HDVr
fragment contained a 67-bp HDVr sequence followed by a 129-bp simian virus 40
(SV40) polyadenylation (SV40PolyA) sequence. The 67-bp HDVr was designed
to cleave the RNA transcript to yield a precise 3� end regardless of 3�-terminal
sequence (56). The 129-bp SV40PolyA sequence was included for experiments
not described in this report.

To construct the cDNA clone of RlucRep-HDVr, the 3�-terminal 693 bp of
WN virus genomic cDNA (indicated as 3� UTR), HDVr, and SV40PolyA were
fused together through an overlap PCR, resulting in 3� UTR-HDVr-SV40Poly.
Individual DNA fragments of 3� UTR-HDVr and HDVr-SV40Poly were first
PCR amplified from a full-length infectious cDNA clone of WN virus (60) and
plasmid pcDNA3.1/Zeo (Invitrogen, Carlsbad, Calif.), using primers F-WN10347
and R-HDVr-3� UTR and F-HDVr-SV40PolyA and R-Xba-SV40PolyA, respec-

FIG. 1. Enhancement of replication by the engineering of an
HDVr at the 3� end of WN virus replicons. (A) A stem-loop structure
formed by the 3�-terminal sequence of the WN virus genome. The base
pairs involved in a putative pseudoknot interaction (58) are indicated
by dotted lines. The 3�-terminal 6 nt and their potential base pairs are
shaded. An HDVr is engineered immediately at the 3� end of the WN
virus replicon RNA to yield a precise 3� end through the HDVr-
mediated cleavage. The RNA sequence is numbered from the 3� end.
(B, top) WN replicons with (Rep-HDVr) and without (Rep) the 3�
HDVr. All replicons contained an in-frame deletion from nt 190 to
2379 (GenBank accession no. AF404756) spanning three structural
genes, C-prM-E (dotted open box). (B, bottom) IFA of BHK cells
transfected with Rep or Rep-HDVr at 72 h posttransfection. WN virus
immune mouse ascites fluid and Texas red-conjugated goat anti-mouse
immunoglobulin G antibody were used as the primary and secondary
antibodies for IFA, respectively.
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tively (Table 1). Fragments of 3� UTR-HDVr and HDVr-SV40Poly were then
fused to yield 3� UTR-HDVr-SV40Poly. The 3� UTR-HDVr-SV40Poly was
cloned into the cDNA plasmids of Rep (39, 59) at two unique sites of SacII (at
nt 10822 within the 3� UTR) and XbaI (at the 3� end of genomic cDNA),
resulting in pRep-HDVr (Fig. 1B). Similarly, the PCR fragment of 3� UTR-
HDVr-SV40Poly was cloned into the cDNA plasmids of RlucRep and RlucRep-
NS5mt (containing a frameshift to inactivate RdRp) (39) at two unique sites of
MluI (at nt 10432 within the 3� UTR) and XbaI, resulting in pRlucRep-HDVr
and pRlucRep-NS5mt-HDVr, respectively (Fig. 2A).

All mutagenesis was performed in the pRlucRep-HDVr construct (Fig. 3, 5,
and 6). A standard PCR-mediated site-directed mutagenesis was used to prepare
mutant fragments of 3�UTR-HDVr-SV40Poly containing the designed nucleo-
tide changes. The resulting mutant, HDVr-SV40Poly, was cloned into pRlu-
cRep-HDVr to replace the wild-type counterpart through unique sites of MluI
and XbaI as described above. For construction of replicons containing double
mutations, two rounds of PCR-directed mutagenesis were performed in the
wild-type RlucRep-HDVr. All constructs were verified by restriction enzyme
digestions followed by DNA sequencing.

RNA transcription, transfection, immunofluorescence assays, and luciferase

assays. Replicon cDNAs of all constructs were driven by a T7 promoter for in
vitro transcription. RNA transcription for replicons without a 3� HDVr (Rep and
RlucRep) was performed as previously described (59, 60). RNA transcription for
replicons with a 3� HDVr (Rep-HDVr, RlucRep-HDVr, RlucRep-NS5mt-
HDVr, and all RlucRep-HDVr-derivative mutants) was performed similarly,
except that no mung bean nuclease treatment of the XbaI-linearized plasmid was
required prior to RNA transcription (59, 60). RNA transfection, indirect immu-
nofluorescence assays (IFA), and luciferase assays were performed as previously
described (39). The transfection efficiencies of the wild type and various mutant
replicons (containing a Renilla luciferase reporter) were normalized by cotrans-
fection of an mRNA containing a firefly luciferase gene (39).

Sequencing of recovered replicon RNAs. For each viable mutant replicon, a
six-well plate was seeded with 3 ml of transfected BHK-21 cell suspension per
well as previously described (39). At 72 h posttransfection, cytosolic RNA was
extracted with an RNeasy kit (QIAGEN, Valencia, Calif.). As outlined in Fig. 4,
extracted RNA (40 �g) was subjected to 3� polyadenylation by using cloned
Escherichia coli poly(A) polymerase (PAP) (Ambion, Austin, Tex.) in a 100-�l
reaction (1� PAP buffer, 2.5 mM MnCl2, 1.4 mM ATP, and 8 U of PAP) for 1 h
at 37°C. After the PAP reaction, the RNA was cleaned up with the RNeasy kit.

FIG. 2. The Rluc-reporting replicon containing an HDVr at its 3� end can be used to monitor viral translation and RNA replication.
(A) Rluc-reporting replicon containing a 3� HDVr (RlucRep-HDVr). Rluc reporter is fused in-frame with the open reading frame of the replicon
in the position where the structural region was deleted. RlucRep-NS5mt-HDVr contains a single-nucleotide frameshift upstream of the active site
of the RdRp domain of NS5. (B) Time course of the Rluc activity in BHK cells transfected with RlucRep-HDVr or RlucRep-NS5mt-HDVr.
(C) IFA of BHK cells transfected with RlucRep-HDVr or RlucRep-NS5mt-HDVr at 72 h posttransfection.

TABLE 1. Primers used in this study

Primera Sequence

F-WN10347b ...................................TTCACTAAAGAGATATGAAGACACAACT
F-WN10501b ...................................AGAAAGTCAGGCCGGGAAGTTC
F-WN10729b ...................................ACTGGGTTAACAAAGGCAAACCAACG
R-HDVr-3�UTR.............................GTAGCCCAGGTCGGACCGCGAGGAGGTGGAGATGCCATGCCGACCCAGATCCTGTGTTCTCGCACCA
F-HDVr-SV40PolyA......................CTCCTCGCGGTCCGACCTGGGCTACTTCGGTAGGCTAAGGGAGAAGaacttgtttattgcagcttataat
R-Xba-SV40PolyA .........................caggtctagaagacatgataagatacattga
F-T7-WN10318b .............................AATTTAATACGACTCACTATAGGAGATGAGAAGTATGTGGATTACATG

a The primers were named according to their polarity (F, forward sense primer; R, reverse antisense primer), restriction site (underlined lowercase), T7 promoter
(underlined uppercase), WN sequence (regular uppercase), HDVr (boldface uppercase), SV40PolyA sequence (regular lowercase), and a tail sequence to facilitate
XbaI digestion (italicized lowercase).

b The number indicates the nucleotide position of the WN virus genome (GenBank accession no. AF404756) where the 5� end of the oligonucleotide starts.
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The PAP-treated RNA (1 �g) was reverse transcribed at 42°C for 30 min with a
3� adapter primer (2 �M) and the Superscript III One-Step reverse transcription
(RT)-PCR system with Platinum Taq DNA polymerase (Invitrogen, Carlsbad,
Calif.). The 3� adapter primer (5�-GCGAGCACAGAATTAATACGACTCAC
TATAGGT12VN-3�) contained an adapter sequence (underlined) and a 12-T
tract, followed by a V (A, C, or G) and an N (A, C, G, or T). The VN sequence
was added to the 3� end of the 12-T tract to anchor the 3� adapter primer to the
5� end of the poly(A) tract of the template RNA during the RT (Fig. 4).
Following RT, reactions mixtures were placed on ice, supplemented with primer
F-WN10501 (Table 1) and primer 1 (5�-GCGAGCACAGAATTAATACGAC
T-3�, representing the 5�-terminal 23 nt of the 3� adapter primer), and subjected
to PCR amplification. RT-PCRs were resolved on a 1.5% agarose gel. DNA
bands of the expected size (572 bp) were gel purified with a QIAquick gel
extraction kit (QIAGEN) and sequenced with primer F-WN10729 (Table 1).

HDVr-mediated RNA cleavage. To test whether mutation of nucleotides up-
stream of the HDVr affected ribozyme cleavage efficiency, we in vitro transcribed
a 908-nt RNA containing the 3�-terminal 712 nt of the WN virus genome and the

196 nt of the HDVr-SV40PolyA sequence (see Fig. 7A). The DNA template was
prepared by PCR with primers F-T7-WN10318 (containing a T7 promoter se-
quence followed by the WN virus sequence) and R-Xba-SV40PolyA (Table 1).
Individual cDNA plasmid of the wild type or mutant pRlucRep-HDVr was used
as a template for PCR. A MEGAscript T7 kit (Ambion) was used to synthesize
the 32P-labeled 908-nt RNA according to the manufacturer’s protocol with an
addition of 1 �l of [�-32P]UTP (3,000 Ci/mmol; Amersham, Piscataway, N.J.) in
a standard 20-�l reaction mixture. After incubation of the reaction for 1 h at
37°C, an equal amount of sample from each reaction was analyzed on a 5%
sequencing gel. The gel was dried. Individual RNA bands (including the 908-nt
uncleaved RNA and two cleaved RNAs of 712 and 196 nt; Fig. 7B) were
quantified with a Molecular Dynamics (Sunnyvale, Calif.) PhosphorImager an-
alyzer. The HDVr cleavage efficiency was calculated as the sum of the intensities
of the cleaved RNA bands divided by the sum of the intensities of the cleaved
and uncleaved RNA bands.

Thermodynamic prediction of RNA secondary structure. Secondary structures
formed by the 3�-terminal nucleotides of various flaviviruses (see Fig. 8) were

FIG. 3. Mutagenesis of the 3�-terminal nucleotide (A) and the penultimate nucleotide (B) of the WN virus genome in the RlucRep-HDVr
system. Depicted are replicons containing single or double mutations within the 3�-terminal 6 nt (numbered 1 to 6 from the 3� end of the genome)
and their putative base-pairing nucleotides (nt 74 to 79). Specific base pairs analyzed in panels A and B are shaded in the wild-type (WT) structure.
For mutant replicons, the mutated nucleotides are indicated as solid ovals. The mutant replicons are named after their mutated position, mutated
nucleotides (underlined), blockage of base pair (indicated by an “x”), and potential base pair (indicated by a O). BHK cells transfected with
wild-type or mutant replicons were monitored for Rluc activity at 2.5 and 72 h posttransfection. The Rluc activities of mutant replicons are
presented as percentages of the corresponding wild-type replicon signal. Representative results of IFAs, performed at 72 h posttransfection, are
also presented. Results of one of three representative experiments are shown.
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calculated through minimization of free energy by using the M-Fold program in
the GCG package (Genetics Computer Group, Madison, Wis.).

RESULTS

Improvement of replication efficiency by engineering an
HDVr at the 3� end of the replicon RNA. The HDVr-mediated
cis-cleavage has been well documented to prepare an RNA
molecule with a precise 3� end (56). To examine the mutational
effects of the 3�-terminal nucleotides of WN virus genome on
viral replication, we engineered an HDVr at the 3� end of our
original replicon (Rep), resulting in Rep-HDVr (Fig. 1). The
original replicon contained an in-frame deletion from nt 190 to
2379 (GenBank accession no. AF404756), spanning three
structural genes, C-prM-E (dotted open box; Fig. 1B). Trans-
fection of BHK cells with either Rep or Rep-HDVr revealed
IFA-positive cells, indicating that both replicons are replica-
tion competent (Fig. 1B). Moreover, five- to eightfold-more
IFA-positive cells were observed in transfections with the
HDVr-containing replicon than in transfections with the
non-HDVr-containing replicon (Fig. 1B), suggesting that the
HDVr at the 3� end of the replicon improves replication effi-
ciency. These results agreed well with a previous report that
engineering of an HDVr into a KUN virus replicon substan-
tially improves its replication efficiency (67). The HDVr-me-
diated enhancement of replicon replication was not likely due
to its effect on generation of an authentic 3� end of the WN
virus genome. All of our replicons (with or without HDVr)
were prepared to have the exact 3� terminus of the viral geno-
mic RNA. In the case of the non-HDVr-containing replicons,
the authentic 3� termini of the replicons were achieved through
a specific enzyme treatment of the DNA template prior to in
vitro transcription (see details in reference 59). As previously

reported in KUN virus replicons (67), the increase in replica-
tion efficiency of the HDVr-containing replicon of WN virus is
likely due to its higher stability (see below).

A luciferase-reporting replicon containing an HDVr at its 3�
end can potentially be utilized to monitor the mutational effect
of the 3�-terminal nucleotides on viral translation and RNA
replication. We previously developed a Renilla luciferase-re-
porting replicon (RlucRep) in which the Rluc gene was in-
frame substituted for viral structural genes. This RlucRep can
be reliably used to quantify and differentiate viral translation
and RNA replication and is ideal for large-scale mutagenesis
(39). To facilitate the functional analysis of the 3�-terminal
nucleotides of the genome, we engineered an HDVr at the 3�
end of the RlucRep, resulting in RlucRep-HDVr (Fig. 2A). To
examine whether addition of the HDVr to the 3� end of the
RlucRep would change the Rluc expression pattern during
replication, we performed a time course analysis of the Rluc
activity after transfection of BHK cells with the RlucRep-
HDVr RNA. Two distinct Rluc signal peaks were observed:
one at 2.5 to 10 h and another after 22.5 h posttransfection
(Fig. 2B). In contrast, only the 2.5- to 10-h Rluc peak was
observed in cells transfected with a replication-deficient repli-
con that contains a nucleotide insertion upstream of the active
site of the viral polymerase NS5 (RlucRep-NS5mt-HDVr; Fig.
2). IFA analysis of cells at 72 h posttransfection showed that
viral protein expression was detected only in cells transfected
with the replication-competent RlucRep-HDVr, not in cells
transfected with the polymerase-defective RlucRep-NS5mt-
HDVr (Fig. 2C). These results suggest that the Rluc signals at
2.5 to 10 h posttransfection reflect translation of the input
replicon RNA, while the Rluc activity after 22.5 h posttrans-
fection represents RNA replication. Compared with the orig-
inal RlucRep that lacks an HDVr (39), the current RlucRep-
HDVr exhibited a similar pattern of Rluc expression posttrans-
fection. However, two major differences were observed. First,
at 48 to 72 h posttransfection, the Rluc signals derived from the
RlucRep-HDVr were 20- to 50-fold higher than those derived
from the RlucRep (data not shown), suggesting that the HDVr
enhances the replication level of the replicon. Second, the neg-
ative slope of the first Rluc peak derived from the RlucRep-
HDVr (from 2.5 h tracing to 22.5 h posttransfection) was
flatter than that derived from the RlucRep (from 2 to 10 h
posttransfection) (data not shown), indicating that the HDVr-
mediated enhancement of viral replication is most likely due to
an increase in RNA stability.

The 3�-terminal U is optimal for viral replication, whereas
the identity of its potential base-pairing partner at nucleotide
position 79 plays an essential role in RNA replication. To
examine the role of the flavivirus-conserved 3�-terminal U of
the WN virus genome in viral replication, we engineered point
mutations into the RlucRep-HDVr to replace the wild-type U
with a C, A, or G, resulting in the mutants 79AxC1, 79AxA1,
and 79AxG1 (mutated nucleotides underlined; blockage of
potential base pairing indicated by an “x”; Fig. 3A). Equal
amounts of wild type and mutant replicon RNAs were trans-
fected into BHK cells. Rluc activities at various time points
posttransfection were quantified: Rluc signals at 2.5 and 5 h
posttransfection were measured for estimation of the level of
viral translation, while Rluc activities at 48 and 72 h posttrans-
fection were quantified for assessment of the level of RNA

FIG. 4. Sequencing of viable replicons by 3� RACE. Replicon RNA
recovered at 72 h posttransfection was polyadenylated and amplified
through RT-PCR. A 3� adapter primer containing a 12-T tract was
used for RT, and virus-specific primer F-WN10501 and adapter-spe-
cific primer 1 were used for PCR. The resulting RT-PCR products
were directly subjected to DNA sequencing by a virus-specific primer,
F-WN10729. ORF, open reading frame.
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replication. For simplicity, only Rluc activities collected at 2.5
and 72 h posttransfection are presented. As shown in Fig. 3A,
replacement of the 3�-terminal U with a C, A, or G did not
affect the Rluc signal at 2.5 h posttransfection. In contrast, at
72 h posttransfection, Rluc signals from cells transfected with
the mutant replicons were about 15% of the corresponding
wild-type signal. IFA data collected at 72 h posttransfection
correlated well with the Rluc results (Fig. 3A). To examine
whether the mutated 3�-terminal nucleotide was retained dur-
ing replication, we sequenced the mutant replicons recovered
at 72 h posttransfection. As outlined in Fig. 4, the recovered
replicons were polyadenylated and amplified through RT-PCR
with a 3� adapter primer containing a 12-T tract for RT and a
virus-specific primer, F-WN10501, and adapter-specific primer
1 for PCR. The resulting RT-PCR products were directly se-
quenced by a virus-specific primer, F-WN10729. Strikingly, the
3�-terminal nucleotide of mutant 79AxA1 and 79AxG1 com-
pletely reverted to the wild-type U, whereas the 3�-terminal
nucleotide of mutant 79AxC1 only partially reverted to the
wild-type U (Table 2). The above reversion pattern was con-
sistently observed for each mutant replicon in two independent
experiments. The results suggest that the 3�-terminal U is op-
timal for WN virus replication and that replacement of the
wild-type U with a pyrimidine C, but not purine A or G, may
support viral replication.

Since the above mutations changed both the nucleotide
identity and the potential base pair structure of the 3�-terminal
U, we asked whether changes in only one or in both of the two
features were responsible for the observed reduction in RNA
replication. To examine the base-pairing effect on viral repli-
cation, we prepared mutant replicon 79U-A1 (base pair indi-
cated by a dash) in which the wild-type 79A-U1 was switched,
while the base pair structure was retained. Transfection of cells
with replicon 79U-A1 showed that the Rluc signal at 2.5 h
posttransfection was comparable to that derived from the wild-
type replicon, whereas the Rluc activity at 72 h posttransfec-
tion was reduced to less than 1% of the wild type. As a negative
control, the Rluc activity from cells at 72 h posttransfection
with the replication-defective replicon RlucRep-HDVr-mtNS5
was also less than 1% of the activity of the wild type. These
results indicate that switching the wild-type 79A-U1 to 79U-A1
is lethal for viral replication. The observation that mutant
79U-A1 was more replication defective than mutant 79AxA1
(less than 1% of the wild type versus 16% of the wild type)
indicated that the nucleotide identity at position 79 might be
more critical than the base pair structure. To examine the
importance of the nucleotide identity at position 79, we gen-
erated replicon 79UxU1, in which the wild-type A at position
79 was mutated to a U. The 79UxU1 RNA was completely
replication defective, as indicated by the Rluc signals collected
at 72 h posttransfection (less than 1% of the wild type). To
further analyze the critical role of 79A in WN replication, we
prepared mutant 79G-U1, in which the wild-type 79A was
replaced with a G and the base pair structure was maintained.
Transfection of cells with mutant 79GxU1 showed that the
Rluc signal at 2.5 h posttransfection was comparable to that
derived from the wild-type replicon. Remarkably, the Rluc
activity derived from the 79G-U1-transfected cells at 72 h
posttransfection was 132% of the wild-type level. For all con-
structs, IFA data at 72 h posttransfection correlated well with

the Rluc results (Fig. 3A). The results suggest that (i) the
nucleotide identity at position 79 is essential for viral replica-
tion and (ii) mutations of the 3�-terminal U do not seem to
substantially affect viral translation (as indicated by the Rluc
signals collected at 2.5 h posttransfection).

The 3� penultimate C and its potential base-pairing nucle-
otide at position 78 of the WN virus genome are absolutely
essential for RNA replication. To study the role of the flavivi-
rus-conserved penultimate C in WN virus replication, we pre-
pared three mutant replicons, in which the wild-type penulti-
mate C was replaced with a U, A, or G, resulting in 78G-U2,
78GxA2, and 78GxG2. Among those, mutant 78G-U2 main-
tained the potential base pair structure between nt 2 and 78. As
shown in Fig. 3B, transfection of cells with wild-type and mu-
tant replicons showed similar levels of Rluc signal at 2.5 h
posttransfection. In contrast, all mutant-transfected cells ex-

TABLE 2. Summary of mutagenesis results

Replicon Translation (%) Replication (%)a Reversionb

1st bp
79A-U1 (WT) 100 100
79AxC1 98 15 Partial(CorU)
79AxA1 106 16 Yes
79AxG1 96 14 Yes
79UxU1 113 �1 ND
79U-A1 109 �1 ND
79G-U1 99 132 No

2nd bp
78G-C2 (WT) 100 100
78G-U2 102 �1 ND
78GxA2 101 �1 ND
78GxG2 115 �1 ND
78CxC2 113 �1 ND

3rd bp
77A-U3 (WT) 100 100
77AxC3 108 �1 ND
77AxA3 107 �1 ND
77AxG3 105 �1 ND
77UxU3 97 �1 ND
77G-U3 96 23 No
77U-A3 98 56 No

4th bp
76U-A4 (WT) 100 100
76UxU4 120 �1 ND
76U-C4 107 �1 ND
76U-G4 104 6 No

5th bp
75C-G5 (WT) 100 100
75CxA5 92 �1 ND
75CxC5 112 �1 ND
75CxU5 110 �1 ND
75GxG5 84 �1 ND
75AxG5 83 �1 ND
75U-G5 90 3.5 No
75G-C5 97 �1 ND

6th bp
74U-G6 (WT) 100 100
74UxC6 101 27 No
74UxU6 111 73 No
74U-A6 112 181 No

a The translation and replication levels of mutant replicons are expressed as
the replicons’ Rluc activities as a percentage of the wild-type (WT) level at 2.5
and 72 h posttransfection, respectively.

b For reversion analysis, mutant replicons were extracted at 72 h posttransfec-
tion, polyadenylated, and subjected to 3� RACE analysis (see details in Materials
and Methods). ND, not determined.

8164 TILGNER AND SHI J. VIROL.



hibited a background level of Rluc activity at 72 h posttrans-
fection, each of which was less than 1% of the wild-type level.
In accordance, no IFA-positive cells were detected at 72 h
posttransfection, while a substantial number of IFA-positive
cells were observed in the wild-type replicon-transfected cells
(Fig. 3B). Next, we examined the role of nucleotide G at
position 78 in viral replication. Replicon 78CxC2 was prepared,
in which the penultimate C was preserved, while the base pair
between nt 78 and 2 was abolished (Fig. 3B). Results from both
Rluc signal and IFA indicated that replicon 78CxC2 was com-
pletely replication defective. These results suggest that (i) the
flavivirus-conserved penultimate C is essential for WN repli-
cation; (ii) maintenance of the potential base pair structure
between nt 2 and 78 is not sufficient for viral replication (as
indicated by mutant replicon 78G-U2); and (iii) nucleotide
identity at position 78 may play an essential role in viral RNA
replication.

Base pair structure, but not nucleotide identity, at the 3rd
position from the 3� end of the genome is essential for WN

virus RNA replication. To dissect the function of the 3rd nu-
cleotide U, we initially changed the wild-type U to a C, A, or
G, resulting in the replicons 77AxC3, 77AxA3, and 77AxG3,
respectively (Fig. 5A). Transfection of these mutant replicons
into BHK cells yielded a nonreplicative level of Rluc activity
(less than 1% of the wild-type replicon at 72 h posttransfec-
tion) and a negative IFA signal. To examine the effect of
base-pairing structure on viral replication, we mutated the
nucleotide A at position 77 to a U or G, resulting in replicons
77UxU3 and 77G-U3, respectively. Rluc and IFA results
showed that mutant 77UxU3, in which both the nucleotide and
its potential base pairing structure at position 77 were changed,
was nonreplicative (Fig. 5A). In contrast, mutant 77G-U3, in
which the mutation maintained the potential base pairing
structure, exhibited a substantial level of replication (23% of
the Rluc activity of the wild type at 72 h posttransfection). The
results indicated that base pairing structure between nt 3 and
77 is essential for RNA replication. To further examine this
hypothesis, we generated mutant 77U-A3, in which the wild-

FIG. 5. Mutagenesis of the 3�-terminal 3rd (A) and 4th (B) nucleotides of the WN virus genome in viral translation and replication. See the
legend to Fig. 3 for details.
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type 77A-U3 was flipped to maintain the base pairing struc-
ture. Replicon 77U-A3 was also replication competent, as in-
dicated by a Rluc activity that was 56% of the wild type at 72 h
posttransfection, and by a significant level of IFA-positive cells
(Fig. 5A). Overall, these results demonstrated that the base
pairing structure at the 3rd position from the 3� end of the
genome is essential for viral RNA replication.

Base pair structure at the 4th position from the 3� end of the
genome plays a critical role in WN virus replication. The
wild-type A at the 4th position from the 3� end of the replicon
was mutated to a G, U, or C, resulting in the replicons 76U-G4,
76UxU4, and 76UxC4, respectively (Fig. 5B). Among them,
only mutant 76U-G4 retained the potential base pairing struc-
ture. Rluc activities from cells at 72 h posttransfection indi-
cated that mutants 76UxU4 and 76UxC4 were lethal, display-
ing less than 1% of the wild-type replication level. On the other
hand, mutant 76U-G4 exhibited about 6% of the wild-type
replication level (Fig. 5B). These results implicate that the base

pairing structure at the 4th position from the 3� end of the
genome is critical for viral replication.

Nucleotide identities of the 5th position from the 3� end of
the genome and its potential base pair partner are essential
for viral replication. To analyze the function of the 5th nucle-
otide of the 3� end of the genome, we prepared replicons
75CxA5, 75CxC5, and 75CxU5 in which the wild-type G at
position 5 was mutated to an A, C, or U, respectively. As
indicated by the Rluc activity and IFA results, none of the
mutants was replication competent (Fig. 6A). Next, we mu-
tated the wild-type C at position 75 to a G, A, or U, resulting
in replicons 75GxG5, 75AxG5, and 75U-G5, respectively.
Among them, mutants 75GxG5 and 75AxG5 showed no rep-
lication activity. In contrast, mutant 75U-G5, which main-
tained the potential base pair structure, exhibited a marginal
level of replication (3.5% of the Rluc signal of the wild type at
72 h posttransfection) (Fig. 6A). To further test the function of
the base pairing structure at this position, we prepared mutant

FIG. 6. Mutagenesis of the 3�-terminal 5th (A) and 6th (B) nucleotides of the WN virus genome in viral translation and replication. See the
legend to Fig. 3 for details.
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75G-C5, in which the wild-type 75C-G5 was flipped. To our
surprise, transfection of cells with replicon 75G-C5 exhibited
no replication activity (Fig. 6A). The nonreplicative phenotype
of mutant 75G-C5 was verified by three independently pre-
pared constructs. These results suggest that nucleotide G at
position 5 and nucleotide C at position 75, but not necessarily
the base pairing structure between the two positions (as indi-
cated by the nonreplicative mutant 75G-C5), are essential for
WN virus RNA replication. In addition, a pyrimidine U at
position 75 could marginally support viral replication (as im-
plicated by the marginal replication level of mutant 75U-G5).

Neither sequence nor structure at the 6th position from the
3� end of the genome is important for WN virus replication.
We replaced the wild-type G at the 6th position from the 3�
end of the genome with a C, U, or A, resulting in the replicons
74UxC6, 74UxU6, and 74U-A6, respectively (Fig. 6B). Rluc
signals collected at 72 h posttransfection indicated that all
three mutants were replication competent. Remarkably, mu-
tant 74U-A6, which maintained the base-pairing structure, ex-
hibited a replication level that was about 81% higher than the
wild-type level. Mutants 74UxC6 and 74UxU6, in which the
base pair structure was abolished between positions 74 and 6,
showed replication activities that were 27 and 73% of the
wild-type level, respectively. The relative replication levels
among the replicon variants (as indicated by the Rluc activity)
were in good agreement with the IFA results (Fig. 6B). These
results suggest that neither sequence nor structure at the 6th
position from the 3� end of the genome is critical for WN virus
replication.

Sequencing analysis of viable mutant replicons. Point mu-
tations introduced into the WN virus replicon are likely to be
reverted to the wild-type sequence if the mutant replicons are
replication competent. This was clearly demonstrated in rep-
licons that contained mutations at the 1st position of the 3� end
of the genome (Table 2). To examine whether mutations at
other positions within the 3�-terminal nucleotides were re-
tained in replicons after replication, we recovered each viable
mutant replicon at 72 h posttransfection and sequenced the
3�-terminal 250 nt of the recovered RNA by 3� rapid amplifi-
cation of cDNA ends (RACE) (Fig. 4). The sequencing results
showed that, except for the mutations at the 1st nucleotide
position, all mutations engineered at other positions of the
3�-terminal nucleotides were retained without any secondary
mutation (Table 2). However, we could not exclude the possi-
bility that a compensatory mutation or mutations exist outside
the sequenced region of the recovered replicons.

The 3�-terminal 6 nt and their base pair structure do not
significantly affect WN virus translation. Although mutations
of the sequence or the base-pairing structure of the 3�-terminal
6 nt exhibited discrete effects on viral RNA replication, the
Rluc activities of all mutants at 2.5 h posttransfection ranged
from 83 to 132% of the wild-type replicon Rluc activity (Table
2). These results suggest that the 3�-terminal nucleotides and
their helix structure do not significantly regulate WN virus
translation.

The difference in RNA replication among the various repli-
cons is not due to a difference in HDVr cleavage. We were
concerned that mutations of the 3�-terminal nucleotides of the
WN replicon might affect the cleavage efficiency of the HDVr,
thus influencing the observed levels of replication among

various replicons. To exclude this possibility, we compared
the in vitro cleavage efficiencies of the HDVr among several
representative replicons. Since the reporting replicon alone
(RlucRep) and the HDVr-containing fragment were 9,774 and
196 nt, respectively, in length, it would be technically difficult to
resolve the intact RlucRep-HDVr (9,970 nt) and the cleaved
product of RlucRep (9,774 nt) on an agarose or a polyacryl-
amide gel. To overcome this difficulty, we in vitro synthesized
shorter RNAs containing the 3�-terminal 712 nt of the WN
virus genome (including the complete 3� UTR of 634 nt) and
the 196 nt of the HDVr-containing fragment (Fig. 7A). The
HDVr-mediated RNA cleavage occurred simultaneously with
the synthesis of the RNAs through in vitro transcription (data
not shown). Analysis of such 32P-labeled RNAs (immediately
after in vitro transcription) on a sequencing gel showed three
RNA species of the expected sizes: an uncleaved precursor
(908 nt) and two cleaved products (712 and 196 nt). An 890-nt

FIG. 7. In vitro comparison of the HDVr-mediated cleavage effi-
ciencies among wild-type and mutant replicons. (A) Diagram of the
HDVr cleavage assay. RNA representing the 3�-terminal 908 nt of the
RlucRep-HDVr is in vitro transcribed. The HDVr-mediated cleavage
processes the 908-nt RNA precursor into the 712- and 196-nt RNA
products. (B) Sequencing gel analysis of the HDVr cleavage assay.
32P-labeled RNAs containing the specified mutations were compared
in terms of their cleavage efficiencies by HDVr. The expected sizes of
the RNA precursor and products were observed as depicted in panel
A. An 890-nt RNA derived from the WN virus sequence (75) was used
as an RNA marker. The cleavage efficiency was quantified through a
PhosphorImager and is presented as the percentage of the sum of the
intensities of the cleaved RNA bands divided by the intensities of the
sum of the cleaved and uncleaved RNA bands.
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RNA derived from the WN virus sequence (75) was used as an
RNA size marker (Fig. 7B). PhosphorImager quantification of
the gel showed similar cleavage efficiencies among RNAs de-
rived from wild-type, 77AxG3, 78GxU2, 79AxA1, and 79UxU1
replicons: approximately 29 to 31% of total RNA was pro-
cessed. These data agree well with a previous study that dem-
onstrated that the nucleotide sequence upstream of the HDVr
cleavage site does not affect the cleavage efficiency of the RNA
substrate (56). These results suggest that the observed differ-
ences in RNA replication among various replicons are not due
to differences in HDVr cleavage efficiency.

DISCUSSION

The flavivirus genome terminates with a conserved 3�-termi-
nal stem-loop structure from which minus-sense RNA synthe-
sis is initiated. Although previous studies have shown that
flavivirus 3� UTRs are essential for replication (5, 19, 30, 39,
44–46, 59, 60, 76, 80), little is currently known about how these
sequences and RNA structures specifically contribute to the
regulation of viral translation and RNA replication. The ob-
jective of this study was to analyze the specific function of the
3�-terminal 6 nt that are involved in formation of the helix
structure located at the 3� end of the WN virus genome. Nu-
cleotide identity and base pair structure were systematically
mutated in a self-replicating reporting replicon. The results sug-
gest that neither the nucleotide sequence nor base pair struc-
ture of any of the 3�-terminal 6 nt significantly regulates viral
translation, but discretely modulates RNA replication (Table
2).

Based on the Rluc activity at 72 h posttransfection, replace-
ment of the conserved 3�-terminal U seemed to reduce the
replication level of the WN virus replicon to approximately
15% of the wild-type level (with a complete or partial reversion
of the mutated nucleotide to the wild-type U; see below),
whereas mutations of the conserved 3� penultimate C to any
other nucleotide completely abolished viral replication (Fig.
3). Similar results were recently reported in a KUN virus rep-
licon (27). However, in the KUN virus replicon, replacement
of the 3�-terminal U reduced the RNA replication to about
70% of the wild-type level, as estimated by Northern blot
hybridization at 69 h posttransfection (27). The discrepancy in
the extent of mutational effects of the 3� U on viral replication
between the WN and KUN viruses (15% versus 70% of the
wild type) is most likely due to the different reporting systems
used for the two viruses (Rluc enzyme activity versus Northern
blot). In our study, we sequenced the viable replicons recov-
ered at 72 h posttransfection (Table 2). Interestingly, a purine
A or G replacement of the wild-type 3� U completely reverted
to the wild-type U, whereas a pyrimidine C substitution only
partially reverted to the wild-type U. These results suggest that
although the 3�-terminal U is optimal for flavivirus replication,
replacement of the wild-type U with a pyrimidine C (but not
purine A or G) could support viral replication. In contrast, the
conserved penultimate C is absolutely required for flavivirus
replication. The critical role of the 3�-terminal CUOH in RNA
replication was also implicated in flavivirus plus-sense RNA
synthesis. Since the flavivirus genome starts with a conserved 5�
dinucleotide AG, the 3� end of the minus-sense RNA also
terminates with the exact dinucleotide CUOH, which is as-

sumed to be the initiation site for plus-sense RNA synthesis.
The importance of the 3� CUOH of the minus-sense RNA was
recently demonstrated in KUN virus. Point mutations of the 3�
CUOH of the minus-sense RNA completely blocked the repli-
cation of the KUN virus replicon (27).

Using a recombinant NS5 of DEN-2 virus in an in vitro
RdRp assay, Nomaguchi and colleagues have recently shown
that purified NS5 exhibits a preference for the 3�-terminal
nucleotide of the RNA template in the order of U, A�G, and
C, from highest to lowest (49). Surprisingly, substitution of the
penultimate C with a U did not affect the template activity for
de novo RNA synthesis in the in vitro RdRp assay (49). The
difference between the in vitro (recombinant DEN-2 virus
RdRp) and in vivo results (KUN and WN virus replicons) may
result from the incomplete nature of the in vitro reaction. The
DEN-2 virus RdRp assay involved a 770-nt subgenomic RNA,
an excess of nucleotide triphosphates, and purified NS5 in the
absence of the other viral nonstructural proteins and cellular
components (49). Similarly, a discrepancy between the effi-
ciency of transcription initiation of RNA templates with vari-
ous 3�-terminal nucleotides in vitro (61) and in vivo (78) was
observed in hepatitis C virus. However, we cannot exclude the
possibility that the difference between the in vitro DEN-2 virus
results and the in vivo KUN/WN virus data may truly reflect a
difference in template requirement for RNA initiation among
various groups of flaviviruses (see below). In vivo mutagenesis
of a DEN virus infectious clone or replicon will be required to
distinguish between the above two possibilities.

We extended our studies to regions beyond the flavivirus-
conserved 3�-terminal dinucleotides. RNA elements within the
3�-terminal 6-bp helix that are essential for WN replication are
summarized (shaded) in Fig. 8A.

(i) First and 2nd base pairs. Besides the 3�-terminal CUOH

(described above), the dinucleotides located at positions 78
and 79, which form potential base pairs with the 3�-terminal
CUOH of the genome, are also important for viral replication
(Fig. 3 and 4). Maintenance of the base pair structure alone at
these two positions is not sufficient to support viral replication,
as suggested by the results that the base pair-retaining repli-
cons 79U-A1 and 78G-U2 were replication deficient. However,
the base pair-retaining replicon 79G-U1 exhibited a replication
level that was 32% higher than the wild-type level, suggesting
that a purine at position 79 is competent for viral replication.
This conclusion is supported by a phylogenetic comparison,
which revealed that either an A (KUN, MVE, or JE virus, four
serotypes of DEN, YF, and WN viruses) or a G (TBE virus) is
located at the equivalent position among different members of
flaviviruses (Fig. 8B).

(ii) Third and 4th base pairs. The base pair structure, but
not the nucleotide sequence at these positions is critical for
RNA replication. This is clearly demonstrated by the results
that, as long as the base pair structure was maintained at these
positions (77G-U3, 77U-A3, and 76U-G4), the replicons were
replication competent (Fig. 5).

(iii) Fifth base pair. We mutated either of the nucleotides
involved in formation of the 5th base pair to all possible alter-
native nucleotides. We also flipped the wild-type 75C-G5 to
75G-C5 (Fig. 6A). Among all the variants, only mutant 75U-
G5, which maintained the base pair structure, retained a mar-
ginal replication activity (3.5% of the wild-type level). In con-
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trast, the base pair-maintaining mutant 75G-C5 was replication
defective. These results suggest that the nucleotide identities
of G and C at the 5th and the 75th positions, respectively, but
not necessarily the base pair structure, are essential for viral
replication.

(iv) Sixth base pair. Neither the sequence nor the base pair
structure of the 6th nucleotide (G) is critical for WN virus
replication. Interestingly, mutation of the wild-type 74U-G6
to 74U-A6 substantially increased the replication level (181%
of the wild-type level). Overall, the above data provide strong
functional evidence for the existence of an RNA structure at
the 3� terminus of the WN virus genome that until now has
been supported only by computer modeling and RNase prob-
ing (7, 58).

Phylogenetic comparison among various members of the
genus Flavivirus showed that KUN, MVE, and JE viruses (JE
virus serocomplex) share a 3�-terminal helix identical to WN
virus and, therefore, contain all of the essential sequence and
structural elements identified for WN virus (Fig. 8B). All four
serotypes of DEN virus possess an identical 3�-terminal helix
within the DEN virus serocomplex but differ from those of the
JE virus serocomplex. Compared with the JE virus serocom-
plex, the helix from the DEN virus serocomplex contains a
bulge rather than a base pair at the 4th position. Although YF
virus and the TBE virus complex share a 3� helix structure
similar to that of the JE virus serocomplex, both YF and TBE
viruses contain a G-C base pair rather than the 75C-G5 base
pair of WN virus at the 3� 5th position (Fig. 8B). The outlined
differences between WN virus and other flaviviruses were
found to be lethal for WN virus replication. These results
indicate that although flaviviruses have retained similar se-
quences and structural elements at the 3�-terminal helix of
their genomes, variations specific to particular viral groups
have occurred during evolution. These variations may modu-
late viral replication among different species of hosts during
the transmission cycle. In support of this notion, mutagenesis
of a DEN-2 virus infectious clone containing fragments of the
WN virus 3�-terminal stem-loop showed that retention of the
3�-terminal 17-bp hairpin of DEN-2 virus was essential for the
viability of chimeric DEN-2 virus. Moreover, one 7-bp substi-
tution with WN virus sequence in this domain resulted in a

mutant DEN-2 virus that grew well in monkey kidney cells but
was severely restricted in mosquito cells (80).

Our results, along with a recent report from KUN virus (27),
fit well with a model for initiation of RNA replication that is
built upon a crystal structure of bacteriophage �6 RdRp com-
plexed with an oligonucleotide template and two nucleotide
triphosphates (NTPs) complementary to the 3�-terminal 2 nt of
the template (9). According to this model, the 3� terminus of
the RNA is initially fed into a template channel of the RdRp
and is temporarily locked in a specific binding pocket (the “S”
pocket) that is too small to accommodate a 3�-terminal purine.
If this is the case for WN virus RdRp, an RNA template with
a 3�-terminal A or G may not fit into the S pocket, resulting in
a complete reversion to the wild-type 3� U of the mutant
replicons (79AxA and 79AxG; Table 2) at 72 h posttransfec-
tion. We noticed that, for flavivirus RdRp, the templates of
both plus- and minus-sense RNAs universally terminate with
the 3� U. In contrast, for �6 RdRp, the template terminates
with a 3� pyrimidine: either U for plus-sense RNA or C for
minus-sense RNA. Because of the 3�-terminal difference be-
tween the flavivirus and bacteriophage �6 templates, the fla-
vivirus RdRp may have evolved to constrain its S pocket spe-
cifically for a pyrimidine U rather than a C, whereas the �6
RdRp has evolved to retain its S pocket to accommodate both
types of pyrimidine. As a result, WN virus RNA template
containing a 3� C may fit, but not snugly, into the stringent S
pocket of its RdRp, leading to a partial reversion to the wild-
type 3� U (Table 2). The essential role of the 3� penultimate C
of the template was indicated by a sequence analysis that the
template channel of �6 RdRp prefers a C at the 3� penultimate
position. However, the interactions with the �6 RdRp that
confer this specificity are currently unclear (9). During the
formation of the initiation complex, the NTP binding site of
the RdRp positions the first incoming GTP to base pair with
the 3� penultimate C of the template. After the initial GTP
binding to the 3� penultimate C, the polymerase ratchets back-
wards, leading to the release of the 3�-terminal nucleotide of
the template from the S pocket. The NTP binding site of the
RdRp then positions the second NTP to base pair with the
3�-terminal nucleotide of the template, followed by the forma-
tion of the first phosphodiester bond (9).

FIG. 8. Comparison of the 3� sequences and helix structures formed by various flavivirus genomic RNAs. (A) Summary of nucleotide sequence
and base-pairing structure essential for WN virus RNA replication (shaded). (B) 3�-terminal helix structures formed by genomic RNAs of KUN
virus (29), MVE virus (GenBank accession no. NC_000943), JE virus (GenBank accession no. AF486638), four serotypes of DEN virus (63), YF
virus (54), and TBE virus (43, 44). Essential elements identified in WN virus are shaded in equivalent locations within each helix structure.
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Although the initiation model described above could explain
the importance of the 3�-terminal 2 nt of the template, the
molecular basis for the requirements of other RNA elements
identified in this study remains enigmatic. Since the flavivirus
replication complex contains multiple viral proteins (28, 36, 37,
42, 74) and potentially cellular proteins as well (4, 34, 64),
RNA elements other than the 3�-terminal 2 nt are required for
specific assembly of the replication complex or for efficient
initiation of RNA synthesis at the 3� end of the viral template.
Future studies using genetic, biochemical, and crystallographic
approaches are required to define the mechanism of the initi-
ation of flavivirus RNA replication.
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