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A Novel Approach for the Rapid Mutagenesis and Directed Evolution
of the Structural Genes of West Nile Virus
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Molecular clone technology has proven to be a powerful tool for investigating the life cycle of flaviviruses, their interactions with
the host, and vaccine development. Despite the demonstrated utility of existing molecular clone strategies, the feasibility of em-
ploying these existing approaches in large-scale mutagenesis studies is limited by the technical challenges of manipulating rela-
tively large molecular clone plasmids that can be quite unstable when propagated in bacteria. We have developed a novel strategy
that provides an extremely rapid approach for the introduction of mutations into the structural genes of West Nile virus (WNV).
The backbone of this technology is a truncated form of the genome into which DNA fragments harboring the structural genes
are ligated and transfected directly into mammalian cells, bypassing entirely the requirement for cloning in bacteria. The trans-
fection of cells with this system results in the rapid release of WNV that achieves a high titer (~107 infectious units/ml in 48 h).
The suitability of this approach for large-scale mutagenesis efforts was established in two ways. First, we constructed and charac-
terized a library of variants encoding single defined amino acid substitutions at the 92 residues of the “pr” portion of the
precursor-to-membrane (prM) protein. Analysis of a subset of these variants identified a mutation that conferred resistance to
neutralization by an envelope protein-specific antibody. Second, we employed this approach to accelerate the identification of
mutations that allow escape from neutralizing antibodies. Populations of WNV encoding random changes in the E protein were
produced in the presence of a potent monoclonal antibody, E16. Viruses resistant to neutralization were identified in a single
passage. Together, we have developed a simple and rapid approach to produce infectious WNV that accelerates the process of
manipulating the genome to study the structure and function of the structural genes of this important human pathogen.

laviviruses are a group of ~73 positive-stranded RNA viruses

that cause significant morbidity and mortality worldwide (39).
Several flaviviruses are considered emerging or reemerging patho-
gens due to recent changes in virus distribution and epidemiology
(41). West Nile virus (WNV) is a mosquito-borne neurotropic
flavivirus that was introduced into North America in 1999 and
quickly spread across the United States and into parts of Canada,
the Caribbean, and South America (61). WNV is now an endemic
pathogen responsible for ~1,000 severe illnesses in the United
States each year (www.cdc.gov). While most WNV infections are
subclinical, overt manifestations of infection range from a mild
febrile illness to severe neuroinvasive disease characterized by en-
cephalitis, meningitis, and poliomyelitis (64). The most severe
disease is experienced by the elderly and immunocompromised
(2,25,70). To date, there are no licensed vaccines or therapeutics
available for use in humans.

Flaviviruses are small spherical virus particles composed of the
capsid (C), precursor-to-membrane (prM), and envelope (E)
proteins, a lipid membrane, and the ~11-kb viral genomic RNA
(46). The translation of the viral RNA yields a single polyprotein
that is processed by host and viral proteases into the three struc-
tural proteins (C, prM, and E) and seven nonstructural proteins
(39). Flanking the open reading frame are highly structured un-
translated regions (UTRs) that control viral replication and trans-
lation (72). The E protein is composed of three domains con-
nected by flexible linkers and is attached to the viral membrane by
a flexible helical stem (reviewed in references 22 and 46). All three
domains are recognized by antibodies (Abs) capable of neutraliz-
ing virus infectivity albeit with widely varying efficiencies (reviewed
in reference 60). The most potent WNV-specific neutralizing Abs
bind an epitope on the lateral ridge of domain III (DIII-LR) on the E
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protein (E-DIII-LR) (3, 51). prM is a small (~20-kDa) glycoprotein
that serves to facilitate E protein folding and prevent adventitious
fusion during virus trafficking and release (15, 21, 23, 38, 76). Re-
cent studies suggested that antibodies to prM may be common in
vivo, although they are characterized by limited neutralizing activ-
ity (5, 6, 11,45, 71, 73).

Flaviviruses assemble at membranes derived from the endo-
plasmic reticulum and bud into the lumen as immature virions.
Immature virus particles incorporate 60 heterotrimeric spikes of E
and prM arranged with icosahedral symmetry (79, 80). Virion
maturation occurs during transit through the Golgi network and
is driven by the cleavage of prM by a furin-like serine protease
(67). The “pr” portion of prM is detached from the virion upon
release from the cell, leaving behind the M peptide in the viral
membrane (38, 76). While genetic studies indicate that virion
maturation is a required step in the virus life cycle (15), this pro-
cess appears to be inefficient. Viruses that incorporate uncleaved
prM proteins may be infectious (10, 20, 59); the extent of cleavage
required for the infectious virion is not known. The E proteins of
mature virions lie flat against the viral membrane and are ar-
ranged with T=3 pseudoicosahedral symmetry (35). Flavivirus-
infected cells release a heterogeneous mixture of mature, imma-
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ture, and partially mature viruses that incorporate various
amounts of uncleaved prM (27).

A principal target of the humoral response is the viral glyco-
proteins incorporated into virions (60). The structure and heter-
ogeneity of the flavivirus virion add considerably to the antigenic
complexity of flaviviruses (14). The neutralization activity of anti-
flavivirus Abs is governed by the functional affinity of the antibody
for viral antigens and the number of epitopes displayed on the
virus particle (55). Recent studies suggested that epitope accessi-
bility is a complex and dynamic factor that limits neutralization.
Steric constraints arising from the dense arrangement of E pro-
teins on a mature virion limit the exposure of many of the epitopes
recognized by antibodies, including those commonly elicited by
natural infection (28, 49, 53, 69). Changes in the arrangement of E
proteins that occur during virion maturation significantly modu-
late neutralization by many classes of antibodies (8, 47). In addi-
tion, the dynamic motion of E proteins on virions that occurs at
equilibrium also modulates neutralizing activity through changes
in epitope accessibility (13, 40). Because even high-affinity anti-
bodies may be incapable of neutralizing WNV due to an inability
to bind poorly accessible epitopes with a stoichiometry that ex-
ceeds the requirements for neutralization (55), identifying where
antibodies bind the virus particle is a critical aspect of understand-
ing the humoral response.

Molecular clone technology provides a powerful tool for
studying many aspects of the virus life cycle and pathogenesis.
Molecular clones of flaviviruses take advantage of the fact that the
positive-stranded RNA genome is infectious once introduced into
cells (reviewed in reference 63). In the majority of these con-
structs, the viral genome is cloned downstream of a bacteriophage
promoter to allow the production of RNA in vitro, which can be
purified and transfected into eukaryotic cells. Developed first for
yellow fever virus (58), this strategy has since been adapted for use
in several flavivirus systems, including WNV (4, 63, 65, 74). The
production of viral RNA with high specific infectivity using these
methods is challenging; this may reflect difficulties in producing
and purifying full-length copies of a highly structured ~11-kb
RNA molecule, inefficient cap addition in vitro, and errors intro-
duced by SP6 or T7 polymerases during synthesis (63). As an
alternative, Khromykh and colleagues developed methods for the
production of the nonpathogenic Kunjin strain of WNV by the
transfection of cells with a plasmid harboring the viral cDNA un-
der the transcriptional control of a eukaryotic promoter, which
has since been adapted for use with a second strain of WNV (30,
54). This “DNA-launched” approach enables the production of
viral RNA in cells simply by transfecting the molecular clone plas-
mid. While this strategy confers some logistical advantages over
infectious clones that require the production of RNA in vitro,
DNA-launched constructs are of limited utility for the study of
RNA replication in transfected cells due to the continuous pro-
duction of the viral genome from transfected plasmids. Nonethe-
less, both strategies may be hampered by the marked instability of
full-length flavivirus constructs when propagated in bacteria. To
increase stability, many molecular clone systems are composed of
multiple plasmids that must be assembled prior to RNA synthesis
(63). In this study, we describe the development of a novel molec-
ular clone system for the production and manipulation of infec-
tious WNV that enables the functional analysis of the antigenic
surface of the virus on an unprecedented scale.
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MATERIALS AND METHODS

Cell culture. HEK-293T and BHK-21 cells were cultured in Dulbecco’s
modified Eagle’s medium containing 10% fetal bovine serum (FBS) and
1% penicillin-streptomycin (PS). Raji-DC-SIGNR cells were propagated
in RPMI containing 10% FBS and 1% PS. All tissue culture products were
purchased from Invitrogen.

Plasmid construction. pWNV-backbone was constructed by modify-
ing a two-plasmid molecular clone of the lineage I NY99 strain of WNV,
generously provided by Richard Kinney (CDC, Fort Collins, CO) (4).
Plasmid WN-AB was modified by introducing the cytomegalovirus
(CMV) promoter upstream of the 5'-terminal nucleotide of the viral ge-
nome by overlap-extension PCR (OE-PCR), followed by introduction
into unique Mlul and BglII sites in pWN-AB (to generate pWNV-CMV-
AB). Plasmid WN-CG was modified by introducing nucleotides encoding
the ribozyme of hepatitis delta virus (HDV) and the polyadenylation se-
quence of simian virus 40 (SV40) at the 3’ terminus of the genome by
OE-PCR (to generate pWNV-CG-HDV); the template for the ribozyme
and the polyadenylation sequence was a previously described subgenomic
WNV lineage II replicon (56). Elements of these two plasmids were com-
bined by OE-PCR to create a DNA fragment containing the CMV pro-
moter, the 5" UTR and the first 92 nucleotides of C from pWNV-CMV-
AB, a BssHII site, a portion of NS1 (nucleotides 2494 to 2514 of WNV
NY99 [GenBank accession number DQ211652.1]), a BamHI site, and
nucleotides 2521 to 3628 of WNV NY99. This fragment was inserted into
Mlul and Sphl sites present in pWNV-CG-HDV.

pWNV-complement was generated by using pWN-AB and pWN-CG
as templates for OE-PCR; the resulting DNA fragment encoded nucleo-
tides 195 to 2514 of WNV NY99, flanked by unique BssHII and BamHI
sites. Altogether, this fragment encodes the entire sequence deleted from
pWNV-backbone. This fragment was introduced into the entry vector
pDonr221 by Gateway-mediated cloning according to the manufacturer’s
instructions (Invitrogen). To increase the utility of pWNV-complement
as a template for PCR mutagenesis, two variants were constructed, which
encode stop codons that render them defective. pWNV-complement-5’
was constructed by cleaving pWNV-complement with Mfel (which
cleaves the structural gene fragment in capsid [at nucleotide 270 of WNV
NY99]), followed by blunting with Klenow fragment (New England Bio-
Labs) and intramolecular religation. The resulting construct encodes a
stop codon in the capsid gene; downstream sequences of this insertion are
no longer in frame. pWNV-complement-3’ was constructed by the cleav-
age of pWNV-complement with PshAI and Alel (removing nucleotides
1920 to 1933 of WNV NY99) (New England BioLabs), followed by intra-
molecular religation. This construct also encodes frameshifting to intro-
duce a stop codon in the E gene; downstream flavivirus sequences in this
construct are no longer in frame.

PWNV-GFP-backbone was designed by using a configuration de-
scribed previously (66). A large DNA fragment encoding the 5" portion of
this construct was created by using sequential OE-PCRs. First, a DNA
segment encoding the CMV promoter, the 5" UTR, the first 60 nucleotides
of capsid (C60), the green fluorescent protein (GFP) gene, and the 2A
protein of foot-and-mouth disease virus (FMDV) was generated by using
pWNV-backbone and the previously described subgenomic WNV lineage
II replicon pWNII-rep-GFP as templates (56). This fragment was then
fused to a second PCR product encoding the first 92 nucleotides of C, a
BssHII site, a portion of NS1 (nucleotides 2494 to 2514 of WNV NY99), a
BamHI site, and nucleotides 2521 to 3628 of WNV NY99. The resulting
product was cloned into pWNV-backbone using unique SnaBI and SphI
sites to generate pWNV-GFP-backbone V1.

Two additional versions of pWNV-GFP-backbone were also con-
structed to after the cyclization sequence (CS) encoded by the C gene
positioned downstream of the GFP reporter gene. First, four synonymous
mutations were introduced into this cyclization sequence (GCT GTC
AAT ATG CTA to GCA GTG AAC ATG TTA [mutations are underlined])
by OE-PCR; the resulting fragment was cloned into pWNV-GFP-
backbone V1 using SnaBI and BamHI sites to generate pWNV-GFP-
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backbone V2. Alternatively, a construct in which the entire downstream
C60 sequence was randomized using synonymous mutations was con-
structed. This was accomplished by synthesizing a fragment encoding the
CMV promoter, the 5" UTR, the upstream unmodified C60 sequence,
GFP, the FMDV 2A protein, randomized downstream C60, a portion of C
(nucleotides 157 to 188 of WNV NY99), a BssHII site, a portion of NS1
(nucleotides 2494 to 2514 of WNV NY99), and the unique BamHI site.
The fragment was synthesized by OriGene Technologies, Inc. The syn-
thetic fragment was introduced into pWNV-GFP-backbone V1 using
unique SnaBI and BamHI sites to create pWNV-GFP-backbone V3. Un-
less indicated otherwise, all experiments with GFP-expressing viruses pre-
sented in this paper were performed by using the third generation of this
construct (referred to in the text as pWNV-GFP-backbone).

Overlap-extension PCR to introduce variations into pWNV-
complement. OE-PCR was performed by adapting methods described
previously by Ho et al. (24). Briefly, each OE-PCR process involved three
different reactions. Mutations were introduced into the prME genes of
WNV in OE-PCRs using plasmid pWNV-complement (~50 ng) or two
derivatives that encode stop codons and frameshifts at the 5" and 3’ ends,
respectively. The use of these defective constructs eliminates the possibil-
ity that the wild-type (WT) WNV structural gene sequence will contribute
to the production of infectious virus when ligated into pWNV-backbone.
Mutations were introduced into two distinct PCR products using partially
overlapping “inner primers.” A “left” PCR was performed by using a
common forward “outer” primer (5'-GGA CTG AAG CGC GCT ATG
TTG AGC CTG ATC GAC-3") and an antisense inner primer; the use of
pWNV-complement-3’ as a template in this reaction eliminated the pres-
ence of DNA encoding a WT structural gene sequence from the PCR. A
“right” PCR included a sense inner primer and a common “outer” reverse
primer (5'-CAC TCC GGA TCC ACA TCT CAG CTC TTG CCG GCT
GAT GTC TAT GGC ACA CCC-3'); the use of pWNV-complement-5" in
this reaction eliminated the WT structural gene sequence from this PCR.
Inner primers were designed to be roughly 30 nucleotides in length and
encoded either a desired mutation or a degenerate sequence (NNN) at the
5" end. These two first-round products were gel purified and used together
as a template for a second PCR employing the forward and reverse outer
primers detailed above (which encode BssHII and BamHI recognition
sequences, respectively). PCRs were run with the following parameters: (i)
94°C for 2 min; (ii) 5 cycles of 94°C for 30 s, 52°C for 30 s, and 68°C for 2
min 30 s; and (iii) 30 cycles of 94°C for 30 's, 56°C for 30 s, 68°C for 2 min
30 s, and (iv) 68°C for 10 min.

Virus production. Virus was produced by using the pWNV-backbone
system by ligating a fragment of DNA encoding the structural genes into
unique BssHII and BamHI restriction sites introduced into the truncated
genome, followed by transfection directly into mammalian cells. DNA
fragments encoding the structural genes were amplified by PCR and cut
with BssHII and BamHI or were cut from plasmid pWNV-complement
using the same enzymes. Ligation reactions were performed by incubating
the backbone (0.2 ug) and the structural gene fragment (1 ug) with 400
units of T4 DNA ligase (New England BioLabs) in a final volume of 20 ul
for 2 h at room temperature or at 16°C overnight. The entire unpurified
ligation reaction mixture was then transfected into HEK-293T cells in a
six-well plate using Lipofectamine LTX (Invitrogen) according to the
manufacturer’s instructions. Transfected cells were cultured at 37°C in
7% CO,. At the indicated times, virus-containing supernatants were har-
vested, filtered through a 0.22-um filter (Millipore), and frozen at —80°C
until use.

Viral RNA analysis. WNV-containing supernatants were treated with
100 units of recombinant DNase I (Roche), followed by RNA isolation
using the QiaAmp viral RNA kit according to the manufacturer’s instruc-
tions, including an additional on-column treatment with DNase
(Qiagen). The amplification of the structural gene cassette from viral
genomic RNA was accomplished by using the Superscript IIT one-step
reverse transcription (RT)-PCR system (Invitrogen). PCR products were
sequenced directly (analysis of prM variants) or after cloning into the
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pDonr221 vector (prM K9A, N15A, G42A, and R85A mutants and for
analysis of variation at position T332 on E proteins). Quantitative real-
time RT-PCR (qRT-PCR) was performed as described previously (17).

Determination of virus titer. The infectious titer of WNV stocks was
determined by infecting Raji-DC-SIGNR cells with serial 2-fold dilutions
of virus-containing supernatants. For virus stocks produced by using
pWNV-backbone, infection was scored at 16 h postinfection as a function
of E protein expression. Briefly, infected cells were fixed in 2% parafor-
maldehyde for 1 h, permeabilized with 0.1% saponin, and stained with 1
pg/ml of an Alexa-647 conjugate of E protein-reactive monoclonal anti-
body (MAb) 4G2 at 4°C for 30 min. Infected cells were enumerated by
using flow cytometry. For virus stocks produced by using pWNV-GFP-
backbone, infection (GFP expression) was monitored at 16 h postinfec-
tion by flow cytometry. The titer of each virus was calculated by using
linear portions of the virus-dose infectivity curve using the following for-
mula: infectious units (IU)/ml = (percent infected cells X number of cells
in the experiment)/(volume of virus-containing supernatant).

Neutralization assays. The antibody-mediated neutralization of
GFP-expressing variants of WNV was measured as described previously
for WNV reporter virus particles (RVPs) (57). Briefly, stocks of WNV of a
determined titer were diluted to a level sufficient to infect 3 to 5% of
Raji-DC-SIGNR cells and to ensure an antibody excess at informative
portions of the antibody dose-response profile. Diluted virus was mixed
with serial 4-fold dilutions of E protein-specific MAb E16, E53, or E121
and incubated for 1 h at room temperature to allow for steady-state bind-
ing. Virus-antibody complexes were then added to 5 X 10* cells in a total
volume of 300 ul and incubated for 16 h at 37°C, after which infectivity
was assessed by flow cytometry.

Western blot analysis. Culture media from WT- or N15A mutant-
infected BHK-21 cells were collected at 72 h postinfection and filtered
through 0.22-um filters (Millipore). Viruses were overlaid onto a 20%
sucrose cushion and subjected to ultracentrifugation at 35,000 rpm
(210,000 X g) at 4°C for 4 h. Concentrated viruses were lysed with 200 ul
of lysis buffer (1X phosphate-buffered saline [PBS], 150 mM NaCl, 50
mM Tris-HCI, 2 mM EDTA, 1% Triton-X, 1X protease inhibitor cocktail
[Roche]) and analyzed by using SDS-PAGE and Western blotting for E,
prM, and M protein levels. The E protein was detected by the panspecific
flavivirus MAb 4G2 at 1 ug/ml, whereas the prM and M proteins were
detected by an Ab recognizing residues 8 to 27 of the WNV M protein at 1
pg/ml (Imgenex).

Nucleotide sequence accession numbers. The annotated sequences
of plasmids pWNV-backbone and pWNV-GFP backbone V3 have been
deposited in GenBank under accession numbers JQ582804 and
JQ582805, respectively.

RESULTS

Modification of a WNV molecular clone system to simplify the
production of fully infectious virions. Here, we describe a novel
approach that markedly simplifies the production of infectious
WNV from an otherwise unstable genome. We modified a previ-
ously described two-plasmid molecular clone system of the NY99
strain of WNV (4) to construct a single plasmid encoding a trun-
cated form of the viral genome under the transcriptional control
of the CMV promoter (pWNV-backbone) (Fig. 1A); the assembly
of a single plasmid encoding the full-length genome in this con-
figuration was not possible due to significant instability in bacte-
ria. The deleted portion of the viral genome in this construct (nu-
cleotides 195 to 2514 of WNV NY99) encoded the entire
sequences of prM and E as well as small portions of C and non-
structural protein 1 (NS1). Flanking the deleted structural gene
segment are unique restriction endonuclease recognition se-
quences (BssHII and BamHI) introduced into the vector using
synonymous mutations. The ribozyme from hepatitis delta virus
(HDV) and the poly(A) signal from SV40 were introduced adja-
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FIG 1 A rapid and simple method for the production of infectious WNV. (A)
Schematics of the pWNV-backbone construct. Plasmid pWNV-backbone was
constructed by a modification of a two-plasmid infectious clone system of
WNV NY99 (4). A truncated form of the viral genome was placed under the
transcriptional control of the CMV immediate-early promoter/enhancer
(pCMV). In this construct, the majority of the structural genes have been
deleted, along with a small portion of the amino terminus of NS1 (nucleotides
195 to 2514 of NY99). This deleted region was flanked by unique BssHII and
BamHI restriction sites introduced into the vector via synonymous mutations.
The ribozyme from HDV and the poly(A) sequence signal from SV40 were
placed downstream of the viral 3" UTR to ensure the correct processing of the
3’ terminus of the genome and to protect the RNA from degradation. (B)
Kinetics of WNV production using the pWNV-backbone system. A DNA frag-
ment carrying W'T structural genes was generated by PCR, ligated into pWNV-
backbone, and transfected into HEK-293T cells. Virus-containing superna-
tants were harvested at the indicated times posttransfection. Transfections of
ligation reaction mixtures lacking the structural gene fragment (backbone) or
with no DNA (mock) were included as controls. The virus titer was deter-
mined by infecting Raji cells expressing the attachment factor DC-SIGNR with
serial 2-fold dilutions of supernatant. Infection was scored as a function of the
percentage of cells expressing viral E proteins. Data are representative of four
independent experiments. (C) Effect of varying the ratio of backbone to
insert (by mass) in the ligation reaction mixture. The virus titer was deter-
mined as described above. Data are representative of two independent
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cent to the 3’ end of the genome to ensure the correct processing
of the 3’ terminus and to protect the RNA from degradation. The
RNA encoded by pWNV-backbone is incapable of replicating in
transfected cells because the signal sequence at the amino termi-
nus of NS1 required to direct the correct topology of downstream
nonstructural proteins is within the deleted segment (16).

To produce infectious virus using this plasmid, a sequence car-
rying the deleted structural gene segment was generated by PCR
and digested with restriction endonucleases that recognize BssHII
and BamHTI sites incorporated into the primers used for amplifi-
cation. Alternatively, this fragment was obtained by the digestion
of a helper plasmid (pWNV-complement) using the same en-
zymes. In either case, the structural gene segment was ligated into
BssHII- and BamHI-digested pWNV-backbone. Next, the unpu-
rified ligation reaction mixture was transfected directly into HEK-
293T cells. Importantly, this step bypassed the requirements for
both the propagation of the full-length flavivirus genome in bac-
teria (which is associated with significant plasmid instability) and
the production and purification of viral RNA in vitro. Analysis of
transfected-cell supernatants revealed a rapid release of infectious
virus, detectable as early as 24 h posttransfection, which steadily
increased over the course of 2 days (8.5 X 10° * 0.5 X 10° infec-
tious units [IU]/ml; n = 4 at 48 h posttransfection) (Fig. 1B).
Altering the ratio of the backbone to the structural gene segment
in the ligation reaction mixture demonstrated that WNV produc-
tion is possible over a broad stoichiometric range (Fig. 1C), indi-
cating that the quantity (or quality) of the insert is an important
yet not critical parameter for virus recovery. In fact, this approach
is sensitive to the presence of a small number of structural gene
sequences against a background of nonfunctional inserts. The
transfection of mixtures of WT pWNV-complement with a non-
functional variant encoding a stop codon demonstrated the ability
to produce virus when only 1 in 10* inserts in the ligation mixture
harbored an intact structural gene (Fig. 1D). While the omission
of DNA ligase from ligation reaction mixtures significantly re-
duced the efficiency of virus production (~23-fold; n = 2), it is
not absolutely dependent on ligase activity in vitro, presumably
due to the activity of endogenous cellular ligases on transfected
DNA (Fig. 1E) (62).

Construction of GFP-expressing WNV using a backbone
construct. To simplify the detection and quantification of WNV-
infected cells, we next modified pWNV-backbone to express GFP

experiments. (D) The sensitivity of the ligation-transfection approach for cap-
turing functional structural gene fragments was evaluated by varying the ratio
of the WT structural gene sequence to a nonviable mutant in the ligation
reaction mixture. The ratios of the two fragments in the ligation reaction
mixture are indicated, where STOP refers to the sequence obtained from
pWNV-complement-5'. Virus-containing supernatants were obtained at 120
h posttransfection, and titers were determined as described above (limit of
detection of 10> IU/ml). The data are representative of two independent ex-
periments; error bars represent titer results from three dilutions of virus. Sim-
ilar results were obtained when plasmids harboring WT structural gene se-
quences and a variant shown previously to confer sensitivity to a neutralizing
antibody (57) were mixed; virus with a resistant phenotype was isolated in the
presence of MAb E16 even when only 1 in 10,000 structural gene molecules
encoded a resistant genotype (data not shown). (E) The production of virus
using the pWNV-backbone system is not strictly ligase dependent. Ligation
reaction mixtures were assembled in the presence or absence of ligase enzyme,
incubated at 16°C overnight, and transfected into cells. Virus was harvested,
and titers were determined at 48 h posttransfection. Data are representative of
two independent experiments.
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FIG 2 Production of infectious WNV carrying a GFP reporter gene. (A) Schematics of the pWNV-GFP-backbone constructs. A variant of pWNV-backbone was
constructed by introducing the GFP reporter gene between the 5’ UTR and the C gene using a strategy described previously by Shustov and colleagues (66). The
first 60 nucleotides of capsid (C60) were duplicated and introduced at the amino terminus of GFP to ensure the proper cyclization and replication of
PWNV-GFP-backbone. Three versions of pWNV-GFP-backbone were constructed. These three versions share the same upstream C60 at the amino terminus of
GFP but are different in the downstream genomic capsid. In version 1 (V1), both upstream and downstream C60 sequences are identical. In version 2 (V2),
synonymous mutations were introduced into the four amino acids comprising the cyclization sequence (CS) of the downstream capsid. In version 3 (V3), the first
60 nucleotides of the downstream capsid (including the CS) were scrambled using synonymous mutations. (B) Kinetics of WNV production using V3 of the
WNV-GFP-backbone system. WNV-GFP viruses were produced as described in the legend of Fig. 1. Virus-containing supernatants were harvested at the
indicated times, and titers were determined by using Raji-DC-SIGNR cells. Infection was scored as a function of GFP expression at 16 h postinfection. Data are
representative of two independent experiments. (C) Comparison of the kinetics of WNV production using the three versions of the WNV-GFP-backbone system.
The infectious titer of virus in supernatants harvested at the indicated hours posttransfection was calculated by using the linear portion of the virus dose-
infectivity curve. Data are representative of two separate experiments. (D) Growth kinetics of WNV production using WNV-GFP-backbone V3. A virus stock
produced in HEK-293T cells was used to inoculate HEK-293T, BHK-21, and C6/36 cells at a multiplicity of infection (MOI) of 0.5. Viruses were collected from
infected cells at the indicated time points, and titers were determined on Raji-DC-SIGNR cells. Similar results were obtained from independent experiments
performed at MOIs of 3 and 0.05.
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using a previously described configuration (43, 66) (Fig. 2A).
Briefly, the gene encoding GFP was introduced into pWNV-
backbone between the 5" UTR and the C gene. This reporter gene
was flanked on the 5" end by the first 60 nucleotides of the C gene
(C60) that contains RNA structures required for efficient cycliza-
tion and replication of the viral genome (30, 72). The sequence
encoding the foot-and-mouth disease virus (FMDV) 2A protein
was added downstream of GFP to liberate the full-length C protein
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from the reporter gene by translational “skipping” (12). The re-
sulting construct is referred to as pWNV-GFP-backbone (version
1 [V1]). Because the duplication of the C60 sequence may inter-
fere with the correct circularization of the viral genome, we con-
structed two additional versions of the construct containing silent
mutations in the downstream C sequence. In the second version
(V2), four synonymous mutations were introduced into the cycli-
zation sequence (CS) of the downstream C gene. In version 3 (V3),
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the first 20 codons of the downstream C sequence were random-
ized by using synonymous mutations. All three constructs sup-
ported the production of infectious virions when ligated with a
DNA fragment harboring the structural genes and transfected into
HEK-293T cells (Fig. 2B and C). The most rapid production and
highest yield of virus (1.5 X 107 £ 0.2 X 10’ TU/ml;n = 2at 72 h
posttransfection) were achieved with pWNV-GFP-backbone V3
(Fig. 2C); this variant was used in all subsequent experiments.
Notably, the kinetics of virus production using all three variants of
pWNV-GFP-backbone was delayed by roughly 24 h compared to
experiments with the wild-type backbone described in the legend
of Fig. 1. To characterize the ability of GFP-expressing WNV to
replicate in cells, one-step growth curve experiments were per-
formed with the HEK-293T, BHK-21, and C6/36 (insect) cell lines
(Fig. 2D). Virus replication and spread were observed in all three
cell lines. The maximal viral yield was achieved at 3 to 4 days
postinfection in mammalian cell cultures, whereas it took more
than 1 week in insect C6/36 cells. Serial propagation studies of
Vero cells confirmed that flaviviruses encoding GFP in this con-
figuration were stable for at least five passages, as previously re-
ported (66; data not shown).

Rapid construction of a library of variants in the prM pro-
tein. The ability to produce WNV using a strategy that does not
involve conventional cloning procedures suggested that this ap-
proach would be an efficient and rapid method for introducing
mutations into the structural genes of the virus. As a proof of
principle, we constructed a panel of 92 viruses encoding single
alanine or glycine substitutions into each position of the “pr” por-
tion of prM. Mutations were introduced into the structural gene
segment by OE-PCR, ligated into pWNV-GFP-backbone, and
transfected directly into HEK-293T cells. The relative infectivity of
the virus released from transfected cells was assessed on day 3 by
infecting Raji-DC-SIGNR cells (10) with serial 2-fold dilutions of
virus-containing supernatants for a set of mutants. The titer of
each variant was calculated by using linear portions of the virus-
dose infectivity curve and is shown relative to the titer of virus
produced in parallel cultures using the WT prM sequence (Fig. 3A
and B). Analysis of the sequence of viral RNA in the transfection
supernatants of each infectious clone verified the presence of the
desired mutation in prM. Infectious virus incorporating the engi-
neered mutation was recovered in the majority of cases (89 of 92);
when harvested at 72 h posttransfection, ~20% of the mutants
displayed a greater-than-20-fold reduction in titer relative to that
of the WT.

The efficiency of virion maturation has been shown to mark-
edly influence the sensitivity of WNV to neutralization by MAbs
specific for several structurally distinct epitopes and polyclonal
antibodies elicited by two candidate WNV vaccines (47). For ex-
ample, MAb E53 is an E-DII-fusion loop (E-DII-FL)-reactive an-
tibody that has a limited capacity to neutralize mature virions;
previous structural studies demonstrated that this MADb binds E
proteins only in the conformation associated with the prM protein
present on immature and partially mature virions (8). To explore
the feasibility of using a library of mutants to study residues in
prM that modulate neutralization by antibodies that bind the E
protein, four variants were selected for further study, including
the asparagine residue critical for glycosylation (N15A) and a res-
idue thatis part of one of the two overlapping cleavage recognition
motifs for the cellular furin protease (R85A). Alanine substitution
variants at K9, N15, G42, and R85 were produced by using
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FIG 3 Rapid mutagenesis of the prM gene of WNV using pWNV-GFP-
backbone. A panel of viruses encoding single-amino-acid substitutions in the
92 amino acids of the “pr” portion of the prM protein was constructed. PCR
fragments encoding an alanine mutation at each position were generated by
OE-PCR; alanine residues of prM were replaced by glycine substitutions. Each
PCR fragment was ligated into pWNV-GFP-backbone V3 and transfected into
HEK-293T cells. Virus-containing supernatants were harvested at 72 h post-
transfection; the titer was determined as described in the legend of Fig. 2. (A)
Production of the WT and representative prM variants N15A, G424, and
N60A. Data from representative prM variants are shown and color coded to
correspond to the data presented in the bottom panel. (B) The infectious titer
of each prM variant was determined from linear portions of the virus dose-
infectivity curve. Infectivity is expressed as the titer of each variant relative to
those determined in paired experiments performed with the WT virus
(X100%). In cases where independent preparations of virus were produced,
error bars represent standard errors.

pWNV-GFP-backbone and mutated forms of pWNV-
complement constructed by using structural gene sequence ob-
tained from viruses produced as part of the studies described in
the legend of Fig. 3. Virus-containing supernatants were collected
at 72 h posttransfection, and titers were subsequently determined
on Raji-DC-SIGNR cells. The viral RNA content of each virus
stock was measured by qRT-PCR (Fig. 4A). These studies indi-
cated that differences in specific infectivity between WT and mu-
tant viruses were less than 2-fold.

We next examined the sensitivity of each variant to neutraliza-
tion by MADbs shown previously to be sensitive to the maturation
state of WNV. As a control, we used the well-characterized WNV-
specific MAD E16, which recognizes E-DIII-LR; neutralization by
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FIG 4 Neutralization of prM mutants by monoclonal antibodies. PCR fragments containing K9A, N15A, G42A, and R85A mutations or the WT sequence were
generated by using viral sequences cloned during the experiments described in the legend of Fig. 3 and ligated into pWNV-GFP-backbone to produce WNV-GFP
viruses. (A) Specific infectivity of the WT virus and mutant viruses encoding K9A, N15A, G42A, or R85A prM mutations. Virus was harvested from culture
supernatants at 72 h posttransfection, and titers were determined as described above. Infectivity is expressed as a function of the viral RNA content of
DNase-treated virus stocks. (B and C) Determinations of the sensitivities of the WT and the K9A, N15A, G42A, and R85A mutants to neutralization by MAbs E16
(B) and E53 (C) were performed as described previously (57). Assays were performed with two independent virus stocks, and data are representative of a total of
three independent experiments. (D) Sensitivity of the WT or the N15 variants to neutralization by MAb E53. Viruses were generated and titers were determined
as described above for panel A. Sensitivity to MAb E53 neutralization was determined as described above. (E) Sensitivities of the WT and the N15A and T17A
mutants to neutralization by MAb E121. Viruses were generated, titers were determined, and sensitivity to MAb E121 neutralization was determined as described
above. Data shown are representative of two independent experiments. DIII-LR, E protein domain III lateral ridge; DII-FL, E protein domain II fusion loop;
DI-LR, E protein domain I lateral ridge. (F) Western blot analysis for detection of WNV E, prM, and M proteins. WT and N15A viruses were harvested from
infected BHK-21 cells, and the levels of WNV E, prM, and M proteins were determined by Western blotting using anti-E (MAb 4G2) and anti-M antibodies.

this antibody is not sensitive to the maturation state of the virus
particle (50, 51). All variants were equally sensitive to neutraliza-
tion by E16 (Fig. 4B). In contrast, a significant difference was
observed for the sensitivity of the N15A variant of WNV to neu-
tralization by MAbs E53 (Fig. 4C) and E121 (data not shown).
Both of these antibodies were shown previously to be sensitive to
the maturation state of the virus particle (47). Similar results were
obtained with other substitutions at N15, or with a T17A variant
(which is also part of the N-linked glycosylation signal), indicating
that the change in sensitivity was likely due to the absence of the
carbohydrate rather than a change in the amino acid itself (Fig. 4D
and E). Furthermore, a biochemical analysis of the efficiency of
prM cleavage by the N15A variant revealed that it was similar to
the WT virus (Fig. 4F), suggesting that the carbohydrate on prM is
not critical for the efficient cleavage of prM, consistent with data
from a prior study of Japanese encephalitis virus (34). The mech-
anism of resistance of the N15A variant to neutralization by

April 2012 Volume 86 Number 7

maturation-state-sensitive antibodies is currently being investi-
gated.

Directed evolution of WNV. Despite the relatively low fidelity
of the RNA polymerases used by viruses to replicate their genomes
(7), virus adaptation experiments can be limited by the variant
frequency and size of the virus population achievable in vitro,
particularly when multiple mutations are required for adaptation
to a particular selective pressure (75). Because our approach for
producing WNV does not include a cloning step that may bottle-
neck genetic diversity, we explored the possibility of using this
molecular clone system to facilitate virus adaptation studies by
significantly increasing the genetic complexity of virus popula-
tions. The feasibility of using this system in selection experiments
was evaluated in the context of identifying mutations that confer
escape from antibody-mediated neutralization. Biochemical
mapping and structural studies both demonstrated that interac-
tions between MAD E16 and its epitope are mediated primarily by
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FIG 5 Directed evolution of WNV: rapid escape from a neutralizing antibody. A PCR fragment containing random nucleotides at all three positions of codon
332 of the E protein was generated by overlap-extension PCR using degenerate primers and ligated into pWNV-GFP-backbone. Ligation reaction mixtures were
transfected into HEK-293T cells in the presence of a high concentration of E16 (5 ug/ml). PCR amplicons encoding the WT sequence were processed in parallel.
Transfections of ligation reaction mixtures lacking the structural gene fragment (Backbone) were included as a negative control. (A and B) Virus-containing
supernatants were harvested from transfected HEK-293T cells at 32 h (A) and 72 h (B) posttransfection, and titers were determined in the presence of 5 ug/ml
of E16 using Raji-DC-SIGNR cells as described above. (C) A single passage of virus harvested from transfected cells at 72 h posttransfection on BHK-21 cells was
performed in the presence of E16 (5 ug/ml). The titer of virus released from BHK-21 cells at 72 h postinfection was determined, and the virus was sequenced as
described above. (D) The proportion of T332 codons encoding a particular amino acid (AA) was monitored by sequence analysis of viral RNA. RNA was isolated
from culture supernatants and used to amplify the structural gene segment. PCR products were cloned into the pDonr221 entry vector by using Gateway cloning
(Invitrogen). The percentages of clones that encoded a particular amino acid are presented for viruses harvested from transfected cells (n = 60 for viruses in
panels A and B) and infected cells (n = 30 for viruses in panel C). (E) Sensitivity of the T332K and T332R variants to neutralization by MAb E16. The prME
fragments encoding the T332K or T332R variant were cut from the constructed clones in panel C and ligated into plasmid pWNV-GFP-backbone to generate
viruses. Titers of virus-containing supernatants were then determined on Raji-DC-SIGNR cells, and the virus was tested for sensitivity to neutralization by E16

as described previously (57).

four residues on the E protein (S306, K307, T330, and T332) (50,
51). Mutations at T332 were shown previously to result in escape
from neutralization by E16 and other DIII-LR-specific antibodies
in vitro and in vivo (3, 57, 78).

To generate a population of viruses that differ randomly at the
T332 residue contacted by E16, we amplified the WNV structural
genes using OE-PCR and primers with degenerate sequences at
the T332 codon. This pool of PCR fragments was digested with
restriction enzymes, ligated into the pWNV-backbone construct,
and transfected into HEK-293T cells in the presence of a relatively
high concentration of E16 (5 wg/ml; the 50% effective concentra-
tion [EC,,] of this antibody is ~0.01 wg/ml). Virus-containing
supernatants were harvested at 32 h posttransfection, and titers
were determined on Raji-DC-SIGNR cells in the presence of MAb
E16 (Fig. 5A). Infectious virus was detected in the T332 popula-
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tion at very low levels (~6.0 X 10* TU/ml); no infectious virus was
observed for cultures transfected with the WT sequence. Analysis
of the sequences of viruses released from transfected cells at this
time point revealed extensive variation at T332; 15 different
amino acid substitutions were represented in a survey of 60 cloned
sequences (Fig. 5D). Analysis at 72 h posttransfection, however,
revealed the growth of virus resistant to neutralization by E16 (Fig.
5B) and a marked change in the proportion of amino acid variants
in transfected-cell supernatants (Fig. 5D). Notably, the frequen-
cies of codons for arginine (R) and lysine (K) residues increased
remarkably during this sampling interval (3.3% to 57.4% and un-
detected to 8.2%, respectively). A single passage of the virus onto
BHK-21 cells in the presence of E16 yielded an even more homo-
geneous resistant population composed solely of the lysine and
arginine variants (Fig. 5C and D). While the T332K substitution
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was shown previously to reduce binding and neutralization by E16
(51, 57), a T332R variant has not been described. To confirm that
both substitutions were sufficient to confer a resistant phenotype,
structural genes encoding these variants were reintroduced into
pWNV-GFP-backbone and used to produce virus. Titers of virus-
containing supernatants were then determined on Raji-DC-
SIGNR cells, and these viruses were tested for sensitivity to neu-
tralization by E16 (Fig. 5E). Both variants displayed high-level
resistance to E16.

The selection experiment described above identified two vari-
ants that allowed for escape from neutralization. However, it is
important to note that antibody pressure was not the only selec-
tive force in the experiment; our approach identified the most fit
variants in the presence of antibody. To investigate the dynamics
of our selection experiment in greater detail, we investigated the
sensitivities of other variants detected in the supernatants of HEK-
293T cells to neutralization by E16 at 32 h posttransfection (Fig.
5D). Viruses encoding the T332A, T332D, T332G, T332P, T332Q,
T332V, and T332W substitutions were produced by using the
ligation-transfection strategy described above, harvested at 72 h
posttransfection, and titered on Raji-DC-SIGNR cells (Fig. 6A).
Neutralization studies with E16 revealed two patterns. Four vari-
ants (D, P, Q, and W) were completely resistant to neutralization
(Fig. 6B), as observed with the T332K and T332R viruses identi-
fied by selection (Fig. 5E). The T332A, T332G, and T332V variants
were markedly less sensitive to neutralization by E16 (character-
ized by 3.7-, 5.6-, and 5.5-fold reductions in neutralization, re-
spectively) (Fig. 6C). In agreement with our findings, a previous
yeast display study revealed a 15 to 19% decrease in the binding of
E16 to the T322A and T332V variants, respectively (51). The fact
that many of the variants produced from transfected cells were
resistant to E16 yet not maintained after a single passage suggests
that factors beyond antibody binding contributed to the selection
of the most fit variant during our antibody selection studies. Al-
together, these studies confirm the feasibility of using this molec-
ular clone technology to increase the genetic heterogeneity of
WNV populations and rapidly identify variants with desirable
phenotypes under selection.

DISCUSSION

In this study, we describe a novel molecular clone system for the
production of WNV that simplifies the methodology required to
produce infectious virus and allows for the introduction of genetic
variation into the structural genes on an unprecedented scale. An
innovative aspect of this approach is that it does not require con-
ventional cloning procedures, which can be time-consuming and
challenging due to the instability of many existing flavivirus mo-
lecular clone plasmids. Instead, a sequence carrying the structural
genes, which can be manipulated in a defined or random fashion
using PCR, is ligated into a truncated stable molecular clone con-
struct and transfected directly into cells. This translates into a
significantly reduced time required for mutagenesis. In our expe-
rience, this has enabled the construction and partial characteriza-
tion of new WNV variants at a rate of ~24 full-length viruses/
week/investigator.

The applications of this approach for studying the biology of
flaviviruses are numerous. The ability to create large panels of
mutants will enhance the resolution of structure-function studies
by allowing the exploration of the effect of all possible amino acid
substitutions at a given residue rather than a limited number of
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FIG 6 Neutralization of envelope T332 mutants by monoclonal antibody E16.
(A) The production of E protein T332 variants that were not selected for by E16
in experiments described in the legend of Fig. 5 was accomplished by using
WNV-GFP-backbone as described in the legend to Fig. 2. (B and C) The
sensitivity of each variant to neutralization by E16 was established as previ-
ously described (57). Data are representative of two independent experiments.

selected mutations. Alternatively, the ability to study a larger frac-
tion of the genetic space of the structural genes of WNV allows a
more unbiased approach for an understanding of structure-
function relationships. In this study, we demonstrate both princi-
ples by rapidly generating a panel of variants at each position of
the prM protein (Fig. 3), followed by the more intensive mutagen-
esis of a residue of interest (Fig. 5), as discussed further below.
The utility of the molecular clone strategy described here ex-
tends beyond logistical advantages for virus production and mu-
tagenesis. The determination of the molecular basis of adaptation
to selection is a powerful approach used extensively in virology.
While the selection of variants at a single position in the genome of
an RNA virus is trivial in vitro due to the low fidelity of the RNA-
dependent RNA polymerase, the selection of variants under con-
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ditions that require multiple substitutions is improbable. In the
absence of recombination, the frequency with which variants en-
coding two substitutions arise can be estimated as the product of
the variant frequency of each single change; for a flavivirus, this is
roughly 1/10'° (26). The ability to produce virus with extensive
genetic diversity, either at defined positions or randomly through-
out the structural genes, will increase the complexity of selection
schemes that can be investigated or used to create viruses with
desirable phenotypes. Furthermore, it provides an interesting op-
portunity to study the dynamics and evolution of a large popula-
tion of viral sequences under selection (36).

The ability to create large panels of mutants will enhance the
resolution of structure-function studies by allowing the explora-
tion of the effect of all possible amino acid substitutions at a given
residue rather than a limited number of selected mutations. We
note that while this technology streamlines the molecular biology
of handling WNV molecular clones and virus production, the
requirements to characterize the resulting viruses remain the
same. Not all mutations will be stable or will have predictable
phenotypes; the most insightful results will be obtained from fully
sequenced, biologically cloned virus stocks regardless of the
method of production.

Analysis of the functional properties of anti-flavivirus anti-
bodies. The functional properties of antibodies that bind flavivi-
ruses are determined by a combination of factors, including the
affinity and isotype of the antibody molecule as well as where it
binds the virus particle (reviewed in reference 14). This complex-
ity is best studied in the context of authentic virions. Mutagenesis
is an established approach for studying antibody reactivity, which
may be accelerated by this molecular clone technology (6, 9, 18,
19, 37, 42, 51, 68, 77). Panels of structural protein variants of
WNV can be constructed by using the ligation-transfection
method described here and screened for sensitivity to antibody-
mediated neutralization. The ease of construction of large num-
bers of mutants increases the chance of identifying interesting
phenotypes from variants that might not be included in more
limited mutagenesis studies performed by using conventional
cloning methods.

In this study, 86 alanine and 6 glycine mutations were intro-
duced into the “pr” portion of the WNV protein, and a subset of
these variants was screened for sensitivity to neutralization by E
protein-reactive antibodies (Fig. 4). Mutations that prevent the
glycosylation of WNV prM on residue 15 significantly reduced the
sensitivity of viruses to neutralization by antibodies shown previ-
ously to be sensitive to the maturation state of the virion (47). Of
significant interest, biochemical studies of the cleavage efficiency
of N15A virions produced in HEK-293T cells did not reveal an
increased efficiency of virion maturation (prM cleavage) that
could explain the resistance of these virions to maturation-
sensitive antibodies. In agreement with these studies, the ablation
of the N-linked sugar on Japanese encephalitis virus prM does not
significantly change the maturation of this virus (34). The molec-
ular basis for the resistance of variants lacking the glycosylation
site in prM to neutralization requires further investigation. One
interesting possibility is that the removal of the carbohydrate on
the prM protein changes the distribution of uncleaved prM on
infectious virus particles. The stoichiometric requirements for the
cleavage of prM on infectious “partially mature” virions are un-
known. While uncleaved prM may be distributed widely among
wild-type virions released from cells, as suggested by a recent
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study of dengue virus (27), the cleavage of prM on the N15 variant
may occur more or less in an all-or-none pattern, resulting in a
population with fewer partially mature virions and a greater pro-
portion of fully mature (neutralization-resistant) or immature
(noninfectious) virus particles.

Several approaches have been used to investigate the complex-
ity of the humoral response to flavivirus infection. The use of
recombinant proteins to enumerate and characterize the reper-
toire of antibodies elicited by infection in vivo has been informa-
tive. For example, previous studies of flaviviruses demonstrated
that antibodies that bind the highly conserved fusion loop at the
tip of E-DII constitute a significant fraction of antibodies elicited
by infection (9, 52). However, these approaches do not directly
provide insight into specificities that contribute to the functional
complexity of the humoral response, such as virus neutralization.
Furthermore, analyses of antibody specificity using recombinant
proteins have limitations that arise from the complexity of the
virus particle. Epitopes that are readily bound by antibody mole-
cules on recombinant proteins may not be accessible for antibody
binding on the virus particle (69); epitope accessibility may be
modulated further by the maturation state of the virus particle (8,
47) and the dynamic motion of E proteins incorporated into the
virions (13, 40). Conversely, composite epitopes composed of
more than one E protein subunit of the icosahedral virion may not
be present on recombinant proteins (29). To study the complexity
of the interaction of antibodies, we have employed pseudoinfec-
tious reporter virus particles (RVPs) that incorporate the struc-
tural genes of several flaviviruses (1, 44, 47, 56, 57). RVPs are
produced by the genetic complementation of a subgenomic rep-
licon, are capable of only a single round of infection, and allow
virus entry to be scored as a function of reporter gene expression
(33). One desirable feature of this approach is that it allows the
study of variants of the structural genes simply by changing the
plasmids used during complementation (48). However, the scope
of these efforts is limited by the number of structural gene plas-
mids that can be constructed. Furthermore, because RVPs cannot
support multiple rounds of replication, insight into flavivirus bi-
ology arising from the selection of desirable phenotypes is not
possible.

Additional applications in virology. The concept of transfect-
ing eukaryotic cells with ligated fragments of viral genomes is not
limited to studies of the structural genes of flaviviruses. pWNV-
backbone was designed with a large deletion encompassing the
structural genes due to the potential contribution of E gene se-
quences to plasmid stability and our interests in the biology of the
E protein. However, ligations involving three or more pieces may
be possible using molecular clones like pWNV-backbone bearing
deletions in other regions. In cases where relatively stable “DNA-
launched” molecular clones exist, rapid and large-scale mutagen-
esis of any region of the genome is possible by ligating mutated
fragments into existing restriction endonuclease recognition sites
(30, 54). For flaviviruses, the spatial and temporal coupling be-
tween RNA replication and packaging (32) and a failure of many
of the nonstructural proteins to function in trans (31) increase the
likelihood that the genotype of the RNA packaged into a virion
corresponds to the phenotype of the structural proteins that com-
prise the virion. DNA-launched molecular clones of other
positive-stranded viruses have been developed; it is likely that this
approach will be of considerable value in the study of other RNA
viruses.
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